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Introducrion 
'Ihe possibility of selectively renovlng the nitrogemus ccnponents of fuels ly adsorptim m 

zeolite 13x was recently reported (1-2)- zhe prpose of this wdc is to  develop an industrial prooe~s 
to remve heteroatan components fmn synthetic crude fractions in order to decrease the oeed for 
hydrotreating o r  reduce the required severity of hydroteating. Ihe enphasis has been glwn t o  
nitrogemus capnmis since they diccate the m r i t y  of the proaess. 'Ib of the nost ioportant 
criteria determining the success of an adsorption prwess are the adsorption capacity and the degree 
of selectivity. As f a d  i n  the f i r s t  two studies using a mdel solution there is a large degree of 
discrindnation between nitmgenxs coapands; the extent of adsorption is inversely proportional to 
the size a d  t!! &ty =f the #. Ihe mrall adsorpticm capacity obrained with the nodel 
solution is 10%. Mever, when usiqg a real Mphtha the capci ty  obtained is mrh snaller, b e i q  of 
the order of 1-3. ole of the potential reasons for this laar capacity could be $e caopetitive 
adsorption of nonfiitrogenous coqcuds contained i n  the m&thas. 

'Ihe present s t d y  was d e r t a k e n  to  imrestigate the degree of mmpetitim behaen nitmgerus 
oxpmxis and other nrainly olefins and oxygeMted d s .  Very little oJnpetitim fmm 
d t -  ccmpmis was observed. Olefins e r e  able t o  ccqete with nitrogarus carpollnds only 
at  very high concentrations. 

w e h d  
AU exprinents were perform4 at rarn temperature in a c o n t ~ - f l o w  fiwd-bed adsorption 

apparatus. lhe zeolite is dry-pckd i n  a stainless steel colm 23 an long and 0.4 an ID. 'Ihe f i r s t  
series of tests =re done with a zeolite dried at 160 C . 'Ihe feed is plnped at a amstant f l a r  of 
0.5 ddn and samples of the effluent are collected every 5 mL and -y analyzed by gas 
*-tography. 

was obtained us- a 1 wtX solution in toluene 
of the desired capmxl. For the oompetitive nms a solution of 1 wt% of each caqcud in toluene 
(2 wt% total) *86 used. 

Results and disassion 
Several factors affect the roagnitude of adsorption; the adsorption capacity depeds m the 

operating axxiitions mch as inlet cmcmtration, ted depth, flow rate and mst inportantly the 
affinity of the sorbate f o r  the surface. For a ghm set of operating coodi t im the capscity 
ueasures the relative affinity of the sorbate for the solid and the solution. In the f i r s t  part of 
this s a y  the effect of the Mrnre of the solution on the adsorption of a n i l i E  is investigated 
('kble 1). Ihe rnmlmLm capacity is obtained for a toluene solution; the merit of anilirre adsorption 
decreases follaring the cdditicm of heptam, cyclotexem a d  idem. It s M d  ke mted that the 
degree of reprcdudblllty bethen paddngs gives an e m r  of 1045%. 'Iius the results indicate that 

olefhic solution might interfere with the adsorption of the nitrugemus ccopamds. muld 
-lain the results recently reported showing a large dlffe- in adsorptim capci t ies  for tw 
MPhth3.5; the lowest capacity was obrained for a naphtha atnornally hlgh in olefins (M. 1, 'M le  2; 
adsorption capacity of 1 w t X  for the mtha containing 62% olefins). 

lh? adsorption capcity of individwd 

Table 2 presents a annmry of the &sorption capcit ies of w r i w  ooopands. Ihe extent of 

inderplrdolinelndole series illustrates this point; the capacities for  these corqamds are 3.99, 
13.7 and 14.81 wtX respectiwly. At a ooncentration of 1 w t X ,  the olefins ha-e very little affinity 

adsomion seems to be pmportional t o  the polarity and the basicity of the owpound. Ihe 
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for the zeolite as indicated by their low capacitig; thy do interfele with the adsorption of 
aniline as shown i n  Table 3. Oxygenated ompxnds have a strong affinity for the zeolite. 'k extent 
of adsorption of pheml canpares to  those of adl i re and indole. tm of the mst retained nitrogemus -. Uder -tition, -1 is quite successful in dispLadng the nit- 
(Table 4). lhese results nggest that naphthas high in oxygenated cappands d d  be treated wing 
the adsorption proass. "h is  could be advantagews for synthetic cnde Mphthas such as Coal derived 
liquids. 

M v i & a l  azqauds is a good predictor of the adsorption process for a oopalex -. InQed the 
order of affinity indicated by the adsorption capacity of the individual cmpd is very s M l a r  t o  
the order obtained for a solution mung eighteen caqroslds (1). k p t  for a few cases the 

ShmA k t  Tables 3 7 .  15 
ut% . Ihe adsorption is not dard~ted  by a single nitmgeKw canpamd. 

Gmclusion 

cupmxk except possibly f m  olefins. Both nitrogemus and oxygenated conpd.9 have a strong 
affinity for  the zeolite. Ihe adsorption of oxygenated presents a real advantage since 
these coopamds are also problemtic. Oxygenated cmpmds are present in significant BllMts in a 
variety of synthetic cnde fractions. 

h adsorption pmcess for the d of heteroatom ccmponents. using a zeolite 13X , w d d  not 
be efficient because of the low affinity of a morber of nitrogeoous m. For instance 
phenetylpiperidine and collidine are adsorbed a t  less thm 8 a% w i t h t  any caipetiticn (Table 2) . 
'Ibis capacity w i l l  decrease in a dtisomponent solution beau% of site awpetition. FUture wdc 
SM CClIlcentrate of fkding an adsorbent that can rem- the less basic mnpamis. 

Ihe s h d y  on O.mp2tition betwal nitrogemus ampollnds show that the adsorption capacity of 

indiKbhd CaFddtieS &O PWCted the &ti= for the "tr*, cmpd C C W e t i t i o n s "  
'Ihe results indicate that the total capadty obtained is of the order of 

"e data obtained i n  this study show that there should be l i t t l e  canpetition f r m  nm-hztematm 

1) G. Jean, S. Ahoed a d  H. h t z l r j ,  'Ihe Selective M of E1Ltrogemus-w Compolrnds frOm 
lids by using zeolites", Sep. Sd. Tecln-ol. 20(7 6 8), 555-564, 1985 

2) G. Jean, E. Bomrie and H. %w&zky. "selective Remwal of NLtrogenous conpands king 
Zeolites", ACS National &Xing olicago Sep. 8-13: Reprint Fuel Division 
W1. 30(4) ,  416480, 1985 

Table 1 

Solvent effect on anil lre adsorption capacity (ut% on zeolite) 
1 ut% anillne in solwnt 

solvent C a P a d t Y  4 Capacity relative to toluene 

tOlUene 22.91 

5o:M cycl- 15.13 
50:M 1-i- 15.09 

50:M tOlUene/hep- 19.28 
- 
0.84 
0.66 
0.65 
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Table 2 

kisorptim capacity for indiddual c e  (wt% on zeoute) 
1 wtx in toluene 

Compound 

1.21 
3.99 
5.73 
5.98 
7.24 
8.47 
8.69 
9.04 
10.45 
11.18 

11.70 
11.91 
12.99 
13.70 
14.01 
14.45 
14.72 
14.81 
16.08 
22.91 

Qble 3 

kkorption capacity for variam rxqods in the presence of hi l im ( wt% m zeolite) 
1 wtx conpolnd ad 1 WX aniline in toluene 

Compourd Capacity x Relative Ancline Aniline Total 
Capadty capc i ty  % Fdative capadty capacity 

0.43 
1.07 
3.66 
5.43 
7.39 
7.77 
8.92 
9 .a6 

0.36 
0.28 
0.28 
0.49 
0.50 
0.74 
0.62 
0.72 

16.21 
13.64 
15.38 
15.16 
12.66 
7.67 

11.79 
16.82 

0.74 
0.59 
0.67 
0.66 
0.55 
0.34 
0.52 
0.74 

16.63 
14.71 
19.04 
20.59 
20.05 
15.44 
21.71 
26.68 

Table 4 

pdsorption capadties for d a r s  cnoponds in th? preserre of -1 (ut% on zeolite) 
1 WE% compand and 1 wtx pkml in toluene - capacity% RelatrveCapacity Rem1 Rpnol Total 

capacity% Felative capacity Capacity 

rn tmzyMne 3.57 0.28 10.59 0.66 14.11 
Qlin0uI-e 4.75 0.44 11.83 0.73 16.55 
2,2*-Rtwidyl 5.71 0.55 9.06 0.56 14.77 
hiole  7.61 0.51 13.27 0.83 20.88 
cecylalwhol 7.68 0.69 11.41 0.71 19.09 
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Table 5 

Adsorption c a e t i e s  for various mqamds in the presence of ktyhdm ( w t X  on zeolite) 
1 ut% compamd and 1 w t x  octylaudn? in toluene 

\ 

2,2’-dipy~im/l 8.21 0.79 6.62 0.56 
4-Ethylpyridine 8.59 0.77 4.41 0.37 
D.Lbenzylaudre 8.91 0.69 6.98 0.59 
cY1cloheP- 9.u) 0.80 5.68 0.48 
Qlinolh 9.70 0.90 6.89 0.56 
Indole 10.06 0.68 6.76 0.62 

14.83 
13.00 
15.89 
15.08 
16.59 
16.82 

Table 6 

Pdsorptlm qacitles for various ccqamds in the presence of 4-Ethylpyridine (wtX on zeolite) 
1 wtX compolmd ard 1 w t X  4-ethylpyrWne in toluene 

compand 

5.65 
5.74 
5.79 
6.19 
7.13 
7.90 
8.34 
13.97 

Relative 
capacity 

0.52 
0.51 
0.45 
0.45 
0.48 
0.68 
0.80 
0.61 

Total 
capacity 

5.59 
9.45 
9.06 
7.29 
6.82 
9.53 
5.89 
8.32 

0.50 
0.85 
0.82 
0.66 
0.61 
0.86 
0.53 
0.75 

11.24 
15.19 
14.85 
13.48 
13.95 
17.43 
14.23 
22.29 

Table 7 

pdsorptlcm capacities for various mqmnxk in the of @ i ~ ~ l i r ~  ( w t X  on zeolite) 
1 w t X  coopand and 1 w t %  quinoline In toluene 

~~ 

ccapamd capacity% Relativecapacity Qlinoline Qllmline Total 
capadty % Felatlve capacity capacity 

LECYlalCObl 1.78 0.16 9.35 0.87 11.13 
Mbenylaudn? 4.23 0.33 9.46 0.88 13.69 
Z-Renylpyridine 5.21 0.60 9.14 0.85 14.35 
Mole 5.85 0.43 7.11 0.65 12.% 
Mom 7.23 0.53 8.63 0.80 15.86 
2,2’-Mwridyl 8.05 0.77 4.37 0.40 12.42 
MUn? 11.19 0.52 8.92 0.62 a.11 
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BIaoGIcAL  MER AND RELATED CO~QOUN~S IN 
NATURAL AND SYNTHETIC LI(ILIID FUELS 

M.G. Strachan, R. Alexander and R.I. Kagi 
School o f  Appl ied Chemistry, Western Aus t ra l i an  I n s t i t u t e  o f  Technology, 
Bentley 6102. Western A u s t r a l i a  

m D U C T I O t j  
Molecular l e v e l  c h a r a c t e r i z a t i o n  of s y n t h e t i c  crudes using GC and GWMS 

techniques has t y p i c a l l y  invo lved i d e n t i f y i n g  t h e  major conponents present, 
i r respec t i ve  o f  chemical c lass  (1-4). Th is  approach d i f f e r s  considerably  
from t h e  a p p l i c a t i o n  o f  these methods f o r  cha rac te r i z ing  natura l  crude 
o i l s .  samples are on ly  analyzed f o r  p a r t i c u l a r  compound types whose 
d i s t r i b u t i o n s  and use i n  se lected r a t i o s  can p rov ide  use fu l  geochemical 
information. The compounds s tud ied are what are genera l ly  tenned 
f lbiological markers”, a1 i p h a t i c  components d i r e c t l y  r e l a t e d  t o  a b i o l o g i c a l  
precursor. These compounds include; n-alkanes. a c y c l i c  isoprenoids, 
diterpanes. t r i t e r p a n e s  and steranes (5,6). More recent ly ,  however, a l k y l  
aromatics such as dimethylnaphthalenes ( 7 ) .  t r imethy lnaphthalenes (8.9) and 
methylphenanthrenes (10) hae a l so  been employed i n  a s i m i l a r  manner. 

The l i t e r a t u r e  con ta ins  a pauc i t y  o f  repo r t s  o f  analyses o f  syn the t i c  
l i q u i d s  s p e c i f i c a l l y  f o r  b i o l o g i c a l  marker compounds (11-14). These 
studies, which encompass both coal- and o i l  shale-derived l i q u i d s t  suggest 
t h a t  t h e  geochemical data obtained can prov ide use fu l  in format ion about t h e  
source mate r ia l  and d i f f e r e n t  1 i q u e f a c t i o n  processes. I n te res t i ng l y .  t h e  
coal derived 1 i q u i d s  examined f o r  b i o l o g i c a l  marker compounds were almost 
exc lus i ve l y  produced from bituminous coals .  Th i s  i s  su rp r i s ing  i n  view o f  
the much repor ted l i q u e f a c t i o n  r e a c t i v i t y  o f  t h e  lower ranked, l i g n i t e s  and 
brown coals. Furthermore, as t h e  use o f  a l k y l  aromatics as geochemical 
i nd i ca to rs  i s  o n l y  a recent  innovation, t h e  extens ion o f  t h i s  a p p l i c a t i o n  
t o  syn the t i c  l i q u i d s  i s  as y e t  unreported. 

Two Aus t ra l i an  f o s s i l  f u e l  reserves whose l i q u e f a c t i o n  p o t e n t i a l  have 
been ex tens i ve l y  i nves t i ga ted  are t h e  massive L a t m b e  Val ley (V i c to r i a ,  
Aus t ra l i a )  brown coa l  deposits, and t h e  Rundle o i l  shale (Queensland, 
Aus t ra l i a )  seams. I n  fact ,  a 50 ton-per-day p i l o t  p l a n t  based o n  t h e  SFC I 
8 I1 processes, and us ing these brown coa ls  as feedstock i s  c u r r e n t l y  
nearing complet ion i n  t h e  Labrobe Val ley.  Th is  paper repo r t s  on  a study o f  
syn the t i c  l i q u i d s ,  produced from these two sources, t h a t  have been 
character ized by GC and GC/MS i n  an anologous fash ion  t o  natura l  crudes. 
For comparative purposes, t h e  data obta ined from a t e r r e s t r i a l  crude o i l  
and a marine crude o i l  are a l s o  included. I n  addi t ion.  t h e  e f f e c t  o f  
l i q u e f a c t i o n  process on t h e  respec t i ve  data i s  i l l u s t r a t e d  by t h e  d i f f e r e n t  
coal derived l i q u i d s .  

These 

EXPERIMENTAL 
Smphs. The coa l  der ived l i q u i d s  were a l l  produced from a medium-light 

l i t h o t y p e  V i c t o r i a  brown coal from t h e  Loy Yang F i e l d  (bore 1277, depth 
67-68m). The 1 i q u e f a c t i o n  prgcessea employed were:-lsol ven t  e x t r a c t i o n  
(CH C1 1; slow p y r o l y s i s  (80 -1000 C a t  3 C m in  1; hydrogenation 
(te?ra?in/H (10.3 mPa). 375 C, 2hrs)  and CO/H 0 (bed mois t  coal/CO (6.8 
MPa), 350’8, 2hrs) .  More de ta i l ed  i n fo rma t ios  on  t h e  l i q u e f a c t i o n  
cond!tions and t h e  product  y i e l d s  and analyses a re  g i ven  elsewhere (15,16). 

shale der ived l i q u i d s  were produced from t h e  Rundle o i l  shale 
by so l ven t  e x t r a c t i o n  (CH C1 1 and by t h e  Lurgf-Ruhrgas r e t o r t f n g  process 
( 1 7 ) .  I n  a l l  casesI t h e  zyn$.hetic l i q u i d s  are o p e r a t i o n a l l y  def ined as t h e  
methylene d i c h l o r i d e  so lub le p o r t i o n  o f  t h e  l i q u e f a c t i o n  product. 

The two natura l  crude o i l s  represent  o i l s  sourced from t e r r e s t r i a l  
organic ma t te r  and marine organic  matter, respec t i ve l y .  The formsr i s  from 
the off-shore Gippsland Basin. A u s t r a l i a  ( t h e  Lat robe Val ley coals  a r e  p a r t  
of t h e  on-shore Gippsland Basin) and t h e  l a t t e r #  t h e  Nor th Sea, Dermark. 

The o i l  
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3 --. The sample (30mg) i n  methylene d i c h l o r i d e  (Zcm 
was preadsorbed onto s i l i c i c  a c i d  using t h e  method o f  Middleton (18). Upon 
removal o f  t he  so lvent  by r o t a r y  evaporation. t h e  preadsorbed sample was 
placed on t o p  o f  a column of s i l i c i c  a c i d  (39). Successive e l u t i o n  w i t h  
*pentane; n-pentane/diethyl e t h e r  (95:5) and methylene d i c h l o r i  ddmethanol 
(9O:lO) gave t h r e e  f ract ions:  (1) a1 i p h a t i c  hydrocarbonsr ( 2 )  aromatic 
hydrocarbons and ( 3 )  heteronuclear compounds. 

An a l i q u o t  o f  t h e  a l i p h a t i c  hydrocarbons f rac t i on .  i n  benzenes was 
subsequently t r e a t e d  w i t h  ac t i va ted  SA molecular sieves t o  separate t h e  
n-alkanes from t h e  branched and c y c l i c  alkanes (19). S im i la r l y ,  t h e  
aromatic hydrocarbons f r a c t i o n  was subjected t o  t h i n  l a y e r  chromatography 
on alumina, w i t h  n-hexane as eluant, t o  y i e l d  a d i -  and t r i n u c l e a r  aromatic 
f r a c t i o n  (9). These f r a c t i o n s  a f t e r  appropr ia te reported workup procedures 
(19,9), and so lvent  removal were amenable f o r  ana lys i s  by GC and GC/MS. 
E and GC/MS m. Gas chromatography was performed us ing a 

Hewlett-Packard (HP) 5880A chromatograph. f i t t e d  w i t h  a 50m x 0.2mm i.d. 
WCOT fused-si1 i c a  column coated w i t h  5% c ross l i nked  s i 1  icone 
(bp-5, SGE Aus t ra l i a ) .  For a l l  anglyses, hydrogen was used as c a r r i e r  gas 
a t  a l i n e a r  v e l o c i t y  8 f  30 cm sec , and detector  (FID) and i n j e c t o r  
temperatures were 300 C and 280°C. respect ive ly .  I n  a t y p i c a l  ana lys i s  o f  a 
t o t a l  a l i p h a t i c  hydrocarbon f rgct ion,  t h g  oven o f  t h e  chrpmatograph was 
temperature programmed from 65 C t o  280 C a t  4OC min- then  held 
isothermal f o r  10 minutes. The oven temperature 8rogramm f o r  ana lys i s  o f  
t h g  d i -  and tg inuc leag  aromatics f r a c t i o n s  wash 70 C f8r 1 mdnute;-lthen 
70 C t o  190 C a t  1 C min- ; fo l lowed by 190 C t o  300 C a t  10 C min and 
f i n a l l y .  held isothermal f o r  10 minutes. A l l  GC analys is  were i n teg ra ted  
us ing t h e  associated HP data terminal .  Component i d e n t i f i c a t i o n  was, i n  
both cases, by comparison o f  t h e  r e t e n t i o n  t imes w i t h  those o f  authent ic  
isomers (8,10.19.20). 

Only branched/cycl i c  alkane f r a c t i o n s  were analyzed by GC/MS. The 
analyses were performed us ing a HP 58958 c a p i l l a r y  GC-quadrupole 
MS-computer data system, f i t t e d  w i t h  a 50m x 0.22mm i.d. WCOT fused-s i l i ca  
cross-1 inked m e t h y l s i l  icone column (Hewlet t  Packard). Samples f o r  analyses 
wege d i l u t e d  t o  a 1% w/w s o l u t i o n  i n  n-hexane and i n j e c t @  on-cojumn a t  
50 C. The oven was then  temperature programmed t o  3OO0C a t  4 C min- t and 
held isothermal f o r  20 mjfutes. Hydrogen was used as c a r r i e r  gas a t  a 
l i n e a r  v e l o c i t y  o f  28 cm sec . The samples were analyzed i n  t h e  selected 
i o n  monitor ( S I M )  mode, us ing dwell  t imes o f  10 msec f o r  each i o n  
monitored. Typica l  MS operat ing cond i t i ons  were: EM vo l tage  22OOV; 
I o n i z a t i o n  energy 70eV; source temperature 25OoC. 

The ions monitored were t y p i c a l  o f  those used f o r  crude o i l  b i o l o g i c a l  
marker studies. For example. m/z 217, 218, 259 (s teranes and diasteranes); 
dz 177,191,205 ( t r i t e r p a n e s )  and m/z 123, 193 ( b i c y c l i c s  and 
t e t r a c y c l i c s ) .  S p e c i f i c  compounds were i d e n t i f i e d  by comparison o f  t h e i r  
r e t e n t i o n  t imes w i t h  1 i t e r a t u r e  data. (21-23). 

F igure 1 shows gas chromatograms o f  t h e  t o t a l  a l i p h a t i c  hydrocarbon 
f r a c t i o n s  o f  t h e  syn the t i c  l i q u i d s  and natura l  crude o i l s .  The compound 
d i s t r i b u t i o n s  ev iden t  i n  these chmmatcgrams f o r  t h e  coal der ived l i q u i d s  
d i f f e r  markedly f o r  t h e  var ious l i q u e f a c t i o n  processes. The so l ven t  e x t r a c t  
is overwhelmingly dominated by t r i t e r p e n o i d s  ( cons is ten t  w i t h  t h e  h igher  
p lan t  input  o f  t h e  source ma te r ia l ) .  whi le  t h e  hydrogenation product and 
pyro lysate have t h e  n-alkanes i n  t h e  h ighes t  r e l a t i v e  abundance. It i s  
fn te res t i ng  t o  note t h a t  t h i s  observat ion c o n f l i c t s  w i t h  t h a t  o f  Youtcheff 
and coworkers (12) who found no d i f f e rence  i n  t h e  d i s t r i b u t i o n s  o f  sa tu ra te  
hydrocarbons from several bituminous coal so l ven t  e x t r a c t s  and t h e i r  
corresponding hydrogenation products. I n  addi t ion,  t h e  py ro l ysa te  a1 SO 
contains a homologous se r ies  o f  n-alkanes. The CO/H 0 product  i s  q u i t e  
d i s t i n c t i v e  i n  t h a t  it has a bimodal n-alkane d i s t r ? b u t i o n  and appears t o  

phenylmethyl 

the 

- 
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con ta in  a major group o f  components which have r e t e n t i o n  t imes between 
n-CZ2 and n-CB. The o i l  shale der ived l i q u i d s  can a l s o  be d i f f e r e n t i a t e d  
f rom each other. The so l ven t  e x t r a c t  i s  predominantly n-alkanes# having t h e  

member as t h e  most abundant component; wh i l e  t h e  r e t o r t  o i l  i s  much 
k e  complex. Although it has t h e  n-alkanes as t h e  most abundant homologous 
series, it a l s o  con ta ins  a se r ies  o f  n-alkenes. However. it d i f f e r s  from 
t h e  coal py ro l ysa te  i n  having i t s  n-alkane and n-alkene d i s t r i b u t i o n s  
maximising a t  lower  carbon numbers. I n  fact. t h e  general shapes o f  t h e  
n-alkanes d i s t r i b u t i o n s  f o r  t h e  coal py ro l ysa te  and o i l  shale r e t o r t  a re  
ve ry  s i m i l a r  t o  those f o r  t h e  t e r r e s t r i a l  and marine crudesr respect ive ly .  
T h i s  may suggest t h a t  t h e  geochemical processes generat ing natura l  crudes 
a re  p y r o l y t i c  i n  nature. 

Two geochemical i n d i c a t o r s  determined from chromatograms o f  t h e  t o t a l  
a1 i p h a t i c  hydrocarbons are t h e  Carbon Preference Index (CPI) and 
Pristane/Phytane r a t i o  (Pr/Ph). The former i s  based on  t h e  n-alkanes, and 
t h e  l a t t e r ,  t h e  C and C a c y c l i c  isoprenoids. The CPI values f o r  t h e  o i l  
shale der ived l i qbeds  are lzuch h igher  than those f o r  both t h e  coal der ived 
l i q u i d s  and natura l  crudes. Except f o r  t h e  so l ven t  ex t rac t ,  t h e  CPI values 
f o r  the coal  der ived l i q u i d s  a re  a l l  l e s s  than uni ty ,  w i t h  t h a t  f o r  t h e  
CO/H20 product  be ing apprec iab ly  so. I n te res t i ng l y ,  t h e  CPI values f o r  t h e  
two natura l  crudes a r e  almost i d e n t i c a l .  However. it i s  t h e  Pr/Ph r a t i o  
values t h a t  c l e a r l y  d i s t i n g u i s h  t h e  coal derived-from t h e  o i l  shale der ived 
!!quidst and t h e  t o r r e s t r l a l  from t h 6  inarine cruda. Both t h e  coal der ived 
l i q u i d s  and t h e  t e r r e s t r i a l  crude have considerably  h ighe r  values o f  t h i s  
r a t i o  than t h e i r  corresponding counterparts. The s i m i l a r i t i e s  o f  values f o r  
t h e  coal der ived l i q u i d s  and t h e  t e r r e s t r i a l  crude, and t h e  shale der ived 
l i q u i d s  and t h e  mar ine crude i s  no t  s u r p r i s i n g t  cons ider ing t h e i r  
respec t i ve  source organic  matter. The combined use o f  CPI and Pr/Ph does, 
hence, suggest t h a t  coa l -  and o i l  shale-derived l i q u i d s  can be 
d i f f e r e n t i a t e d  from each o the r  and t h e i r  respect ive na tu ra l  counterparts. 

Fur ther  con f i rma t ion  o f  t h i s  p o s s i b i l i t y  i s  a f fo rded  by GC/MS analyses 
o f  t h e  respect ive branched/cyc l ic  f rac t i ons .  Table 1 presents  t h e  data f o r  
se lected geochemical i n d i c a t o r s  based on  severa l  b i o l o g i c a l  marker 
compounds. Typica l  mass fragmentcgrams o f  steranes (m/z 217) and 
t r i t e r p a n e s  (m/z 191) are i l l u s t r a t e d  i n  F igure 2, f o r  t h e  coal pyro lysate 
and t e r r e s t r i a l  crude o i l .  Component i d e n t i f i c a t i o n  i s  g i v e n  i n  Table 2. 
The mass fragmentograms show t h a t  t h e  samples genera l l y  con ta in  t h e  same 
componentsr w i t h  d i f f e r e n c e s  being main ly  i n  i n d i v i d u a l  r e l a t i v e  
abundances. However, t h e  m/z 191 mass fragmntograms do prov ide a ready 
means o f  d i s t i n g u i s h i n g  syn the t i c  from natura l  crudes. The d i f f e rences  a re  
most apparent i n  t h e  h igh  r e l a t i v e  abundances o f :  1) CZ9 t o  C wp-hopanes 
(peaks F and D, respec t i ve l y .  i n  Fig. 2a) and 2) t h e  C P-hop8e (peak C 
i n  Fig. 2a) for  t h e  s y n t h e t i c  l i q u i d s  compared w i t h  t h a  natura l  crudes. 

Kaurane i s  an unequivocal b i o l o g i c a l  marker f o r  h ighe r  p l a n t  ma te r ia l  
i n  f o s s i l i z e d  organic  mat ter  (24) .  The epimer r a t i o  (Table 1) i s r  
therefore. usefu l  f o r  d i s t i n g u i s h i n g  t h e  o i l  shale der ived l i q u i d s  and t h e  
marine crude from t h e  coa l  der ived l i q u i d s  and t h e  t e r r e s t r i a l  crude. I n  
fac t r  t h e  respect ive values f o r  t h e  coal der ived l i q u i d s  and t h e  
t e r r e s t r i a l  crude suggest, they t o o  can be d i f f e r e n t i a t e d  from each other. 

The va lues f o r  t h e  drimane epimer r a t i o s  a re  s i m i l a r  f o r  a l l  t h e  
s y n t h e t i c  l i q u i d s ,  b u t  a re  s i g n i f i c a n t l y  lower than  those f o r  t h e  natura l  
crudesr whose respec t i ve  values a re  almost i d e n t i c a l .  Conversely. t h e  BpW 
hopane r a t i o s  and t h e  moretane/hopane r a t i o s  are considerably  h ighe r  f o r  
t h e  syn the t i c  l i q u i d s  than f o r  t h e i r  natura l  counterparts. Again. it i s  
d i f f i c u l t  t o  d i s t i ngu ish ,  unambiguously~ between t h e  o i l  shale and coal 
der ived l i q u i d s .  However, these drimane and hopane (moretane) based 
parameters do pe rm i t  unequivocal d i s t i n c t i o n  between t h e  na tu ra l  and 
syn the t i c  crudes. S im i la r l y .  t h e  s terane epimer r a t i o s  are s i g n i f i c a n t l y  
d i f f e r e n t  between t h e  s y n t h e t i c  l i q u i d s  and t h e  na tu ra l  crudes; t h e  values 
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f o r  t h e  r a t i o  being much h ighe r  i n  t h e  l a t t e r .  However, i n  na tu ra l  crudes 
t h e  above parameters have been shown t o  be m a t u r i t y  therefore.  
s y n t h e t i c  l i q u i d s  produced under more severe thermal cond i t l ons  may show 
values approaching those observed f o r  t h e i r  natura l  counterparts. T h i s  i s  
i n  f a c t  observed w i t h  t h e  coal hydrogenation product  and t h e  marine Crude. 
This  suggests t h a t  t h i s  parameter should no t  be used i n  i so la t i on .  although 
genera l l y  most natura l  crude O i l 5  are generated from mature source rocks 
and have epimeric r a t i o s  o f  1.1. 

I n  contrast ,  t h e  C /C sterane r a t i o  can be used t o  d i f f e r e n t i a t e  t h e  
coal der ived l i q u i d s  a8d 1718 t e r r e s t r l a l  crude, from t h e  o i l  shale der ived 
l i q u i d s  and t h e  marine crude. The va lues are much h ighe r  f o r  t h e  former, 
than f o r  t h e  l a t t e r  samples. Actual ly ,  t h i s  r a t i o  could no t  be determined 
f o r  t h e  shale r e t o r t  o i l  as t h e  C sterane was immeasurable. Again t h e  
hydrogenation product  appears an%alousr w i t h  the  va lue f o r  t h i s  parameter 
being much lower than f o r  t h e  o t h e r  coal  der ived l i q u i d s .  

Indeed. t h e  values f o r  t h e p / G  hopane r a t i o  and t h e  sterane-based 
parameters, f o r  t h e  hydrogenation product  a re  o f  geochemical i n t e r e s t .  The 
low r e l a t i v e  abundance o f  t h e  C R-hopane, and i t s  s i m i l a r i t y  t o  those i n  
natura l  crudes suggests t h a t  ce??ain maturat ion processes can be r e p l i c a t e d  
under l abo ra to ry  condi t ions.  Th is  i s  f u r t h e r  shown by t h e  va lue o f  s terane 
epimer ra t i o ,  which u n l i k e  those f o r  o the r  syn the t i c  l i q u i d s t  i nd i ca tes  a 
s i g n l f l c a n t  degree o f  c o n f i g u r a t i o n  i saner i za t i on .  I n  addi t ion,  t h e  low 
value f o r  t h e  C /C sterane va lue i s  cons i s ten t  w i t h  d e a l k y l a t i o n  o f  t h e  
C sterane as a2?esPTt o f  increased thermal s t ress.  These observat ions 
t # s  suggest t h a t  hydrogen t r a n s f e r  processes may be impor tant  I n  t h e  
geosphere f o r  crude o i l  formation. 

I nspec t l on  o f  t h e  a l k y l  aromatic-based parameters, which a re  presented 
i n  Table 3,  shows t h a t  they t o o  can be employed t o  d l s t l n g u i s h  s y n t h e t i c  
from natura l  crudes. and coal  der ived from shale der ived l i q u i d s .  F igu re  3 
shows a t y p i c a l  gas chromatogram o f  a d inuc lea r  and t r i n u c l e a r  aromat ics 
f r a c t i o n  f o r  t h e  coal py ro l ysa te  and t e r r e s t r i a l  crude. The numbered peaks, 
which r e f e r  t o  those used i n  d e f i n i n g  t h e  parameters, are def ined i n  Table 
4. The parameters DNR-2, TNR-1 and MPI-1 a l low d i f f e r e n t i a t l o n  o f  t h e  
syn the t i c  from t h e  natura l  crudes. The values f o r  CNR-2 i n  t h e  s y n t h e t i c  
l i q u i d s  are normally much lower  than  those observed i n  na tu ra l  crudes. The 
va lue f o r  t h e  marine crudes. presented here (1.e. 72.6) i s  anomalously low 
f o r  o i l s  sourced from t h i s  t y p e  o f  organic  matter, and I s  a d i r e c t  r e s u l t  
o f  t h e  Immaturi ty o f  t h i s  p a r t i c u l a r  sample. For TNR-1 and MPI-1. t h e  
syn the t i c  l i q u i d s  genera l l y  have h igher  values than  t h e  na tu ra l  crudes. 
However. both t h e  coa l  py ro l ysa te  and t h e  o i l  shale r e t o r t  have s i m i l a r  
values t o  those observed f o r  t h e  t e r r e s t r i a l  and marine crudes. Th is  may be 
f u r t h e r  evidence t h a t  p y r o l y t i c  processes p l a y  a r o l e  i n  o i l  generation. 

The coal der ived l i q u i d s  and t e r r e s t r i a l  crude have considerably  h ighe r  
values o f  DNR-6 and TDE-1 than t h e  o i l  shale l i q u i d s  and marine crude. 
Thus. these groups o f  samples may be d i s t i ngu ished  from each other using 
these parameters. Hence, appropr ia te combinations o f  parameters pe rm i t  t h e  
o r l g i n  and source t ype  o f  a l l q u i d  f u e l  t o  be ascertained. For exanple. 
h igh  DNR-2 and TDE-1 values i n f e r  t h e  o i l  i s  a natura l  t e r r e s t r i a l  crude. 
whereas low values f o r  these two parameters suggest It i s  an o i l  shale 
der ived 1 iqu id.  

I n  conclusion. t h e  approach o u t l i n e d  here shows tha t :  1) natura l  and 
syn the t i c  crudes can be f i n g e r p r l n t e d  us lng known geochemical parameters; 
2) t h e  choice o f  l i q u e f a c t i o n  process can considerably  a l t e r  t h e  
d i s t r i b u t i o n  o f  t o t a l  a l i p h a t i c  hydrocarbons f o r  a g i ven  source mater ia l ;  
3 )  natura l  and syn the t i c  crudes can be d i s t i ngu ished  from each other. as 
can be t h e i r  source types, us ing  appropr ia te combinations o f  b i o l o g i c a l  
marker and/or a l k y l  aromatic-based paramters: 4)  geochemical processes such 
as t h e  ep lmer l za t l on  o f  steranes and t h e  dep le t i on  o f  p-hopanes can be 
r e p l i c a t e d  i n  t h e  l abo ra to ry  and 5 )  py ro l y t i c - ,  t oge the r  w i t h  hydrogen 

dependent; 
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t r ans fe r  processes may be impor tant  i n  t h e  format ion o f  na tu ra l  crude o i l s .  
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T.G. Harvey, CSIRO Mate r ia l s  Science Laboratory, Me1 bourne f o r  t h e  r e t o r t e d  
o i l  shale sample. Th is  work was c a r r i e d  out  as p a r t  o f  t h e  Nat ional  Energy 
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Table 1. Geochemical Parameters based on B io log i ca l  Marker Compounds. 

Kauranel orinnneb c3oc '2; C29/C27f 
SAMPLE 11;;;;s mre taner  Steranes Steranes 

tlopanes ZOS120R 

Coal 

Solvent Extrac t 0.07 
PyrolysatC 0.24 
Hvdrooena t i on  0.65 

- 

.... 
Cb/H20 0.20 

0.56 2.00 1.50 N.D. N.O. 
0.50 0.55 1.53 0.20 10.8 
0.55 '0.05 1.38 0.58 0.8 
0.59 0.71 1.48 0.13 17.6 

O i l  Shale 

Solvent Ex t rac t  N.D. 0.78 4.70 0.77 0. IO 0.89 
Retort  N.O. 0.50 1.01 1.82 0.11 N.O. 

Crude O i l s  

T e r r e s t r i a l  0.99 0.99 <0.05 0.10 0.84 5 . 1 1  
h r i n e  N.O. 1.00 r0.05 0.13 0.57 0.64 

a -  

b -  

c -  

d -  
e -  

f -  

N . O .  

168(H)-kaurane/l6o(H)-kaurane t 168(H)-kaurane 

8a(H) -dr i~ne lBa(H) -dr imane  + 88(H)-drimane 

17U( H) . 21 0(  H) -hopanell 7a( H ) . 218(H) -hopam 

17B(H). Zla(H)-moretane/l7o(H), 218(H)-hopane 
(20S)-5o(H).  14a(H), 17~(H)-ethylcholestane/(20R)-5~(H). 14o(H). I7m(H)-ethylcholertane 
(ZOR)-So(H). 1 4 o ( H ) ,  1 7 ~ ~ H ~ - e t h y l c h o l e s t a n e / o - i . ( H ) .  14o(H), 17o(H)-cholestane 
Not  de ternina b l  e 

Table 2. I d e n t i f i c a t i o n  o f  the Tr i terpanes ( m l z  191) and Steranes (ntz217) present i n  the 
Mass Fraqmentogramr shown i n  Figs. 2a and 2b. 

Tri terpanes (Fig.  2a) Stcraner (Fig. Zb) 
Peak Compound Peak Compound 

A l 7 d H ) .  22. 29, 30-trisnorhopane A 205-138. 17o-dlacholertane 
B l8a(H). 22, 29. 30-trlsnorneohopane 8 ZOR-138. 17o-diacholertane 
C 178(H), 22. 29. 30-trisnorhopane C 205-24 ethyl-130. 170-diacholestane 
D 17o(H), 218(H)-lO-norhopane 0 20R-5a. 140. I7o-cholestane 
E 170(H). 2 la (H) -30 -nomre tane  E ZOR-24-ethyl-138. 17.-diacholertane 
F I7m(H), Zls(H)-hopane F ZOS-24-ethyl-Sa. 140. 17.-cholestane 
G 178(H), ZlB(H)-3O-horhopane G ZOR-24-ethyl-50. 140. 178-cholestane 
H 178(H). Zlo(H)-moretane H ZOS-24-ethyl-5n. 148, 178-cholestane 
I ZZS-lI.(H). ZlB(H)-homhopane I 20R-24-ethyl-5a. 140.  I7.z-cholestane 
J 22R-I7dH), ZlB(H)-homhopane 
K 178(H). 218(H)-hopane 
L 225 and R-l78(H), tla(H)-homomretane 
M ZZS-l7o(H), Zl0(H)-bishomhopane 
N 22R-I7o(H). ZlB(H)-birhomohopane 
0 Unknown 
P I l e (H) ,  218(H)-homhopane 
0 22S-l7o(H), 2l8(H)-trirhomohopane 
R 22R- I l o (  H) , 210( H) - tri shomohopane 
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Table 3. Geochemical Parameters based m Dimethylnaphthalenes, 
Trimethylnaphthalenes and kthylohenanthrenes. 

SAMPLE DNR-2' O!i2-Sb TIIR-1' TDE-ld MPI-le 

Coal 

Solvent E x t r a c t  48.3 4.8 1.3 0.9 2.30 
Pyrolysate 23.3 2.3 0.5 6.3 0.73 
Hydrogenation 44.3 4.1 1.1 4.8 1.12 

CO/HZO 9.3 9.3 0.7 2.1 1I.D.  

O i l  Shale 

Solvent E x t r a c t  23.1 1.9 1.3 1.6 1.08 

- 

Retor t  26.1 1.2 0.8 0.3 0.80 

Crude O i l s  

T e r r e s t r i a l  279.0 2.7 0.1 4.9 0.78 
b r i n e  12.6 2.0 0.5 0.3 0.74 

a - 2,7-dimethylna~Htha1ene/l.8-dimethyI~phthalene 

b - 2.6- + 2,7-dimethylnaphthclenesll.(- +2.3-dimethyloaphthalenes 

c - 2.3.6-trimethylsaphthalene11.4.6- t 1,3,5-trimthylnaphthalenes 

d - 1,2.5-tr imethylnaphthalenel l .2 .1- tr inethyl~~phthalene 

e - 1.5 x (2- + 3-methylphenanthrenesy(~~enanthrene)+ 1-methylphenanthrene 
+ 9-methylphenanthrene 

N.D. Not  determinable 

Table 4. i d e n t i f i c a t i o n  o f  chc Aronut ic Conpounds used i n  the Parameters defined i n  
Table 2 and shown in thc Gas C h r m 1 q i r . m  i n  f i g .  3. 

I 

Peak Compound Peak Compound 

1 2 ,B-dime thy1 ~ p h  tha 1 ene 9 1,2,4-trimethylnaphthalene 

2 2,l-dimethylnaphthalene 10 l,Z,S-trlmethylnaphthalene 

3 1,4- and 2,3-diaethylnaphthaIenes 11 phenanthrene 

4 1.8-dimethylnaphthalene 12 3-methylphenanthrene 

5 1.4.6- and 1.3.5-trimthylnaphthalenes 13 2-methyl phenanthrene 

6 2.3.6-trimethylnaphthalene 14 9-methylphenanthrene 

1 1.2.7-trimthylnapnthalene 15 1-methyl phenanthrene 

8 1,2,6-trimethylnaphthalene 
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P l l P h  1.4 
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Figure 1. Gas chromatograms of the to ta l  a1 iphatic hydrocarbon f rac t ions  
of the  synthetic and natural crudes. 
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ABSTRACT 

The increasing use of distillate fuel oils processed from 
synthetic crudes has caused concern for deteriorated performance 
due to increased levels of aranatic canpunds and increased viscosity 
of these fuels. The performance characteristics of middle distillate 
fuels of varying physical and chemical properties, derived from both 
conventional and synthetic crudes, are being determined on 
residential combustion systms at the Canadian Combustion Research 
Laboratory. 

range of techniques: the fluorescent indicator absorption method 
(FIA) for total aromatics; the proton nuclear magnetic resonance 
method (PNMR) for aromaticity and hydrogen distribution; the gas 
chrcmatographic/mass spectrometric (Gc/Ms) method and column 
chromatographic method for aranatic canpund types; the mass 
spectrometric (MS) method for paraffins, olefins, naphthenes and 
aromatics (PCNA); theoretical calculations based on physical 
properties for total aromatics; and aniline point measurements. 

In this study 22 fuels were examined, and observations 
correlating the fuel aromatic properties with transient particulate 
missions are presented. 

The aromatic properties of the fuels are determined using a 

INTRODUCTION 

An increased awareness of dependency on the oil exporting 
nations and the volatility of the world oil price market has changed 
the outlook of the oil industry. 
the 1970's, industry and consumers have come to realize the potential 
savings of implementing energy conservation measures. The North 
American petroleum industry has reduced energy consumption 
significantly in recent years and according to a 1985 survey.(l) 
an additional 14% reduction is technically feasible. 
taken by refiners, is to reduce the manufacturing cost by maximizing 
the use of lower cOst components. 

Ever since the energy crisis of 

One approach, 

At the present time, this approach 
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is highly attractive since good quality conventional resources are 
being depleted rapidly all over the world, while the global denand 
for middle distillates is expected to increase (2). The d i n e d  
effects of energy conservation measures and the natural decline of 
good quality conventional feedstocks have created new concerns for 
refiners over fuel oil quality. 

the largest per capita users of oil in the world (3). 
these "hardships", Canadian industry and consumers face greater 
energy conservation challenges than almost anywhere else in the 
world. In addition to an overall reduction in energy consumption by 
the population, innovative solutions have to be considered to extend 
the life of the conventional resources. Such efforts include 
replacent of oil with alternate energy sources and developnent of 
alternate oil supplies such as those frm frontier reserves, heavy 
oils and tar sands from western Canada. 
frm -qmthetic crudes derived from the heavy oils and tar sands o f  
Alberta and Saskatchewan are already on the Canadian market and 
their production is increasing. By 1990, Canadian tar sands 
developnent is expected to increase production capacity from the 
current 12% to 23% of Canadian crude oil denand with a future 
increase to 39% in the year 2005 ( 4 ) .  Regardless of fluctuating 
world oil prices, which depend on numerous unpredictable events and 
circumstances, it is in the industry's best interest to have at hand 
the technology which will best utilize the available indigenous 
resources. 

Middle distillates processed from tar sand crudes contain 
higher proportions of arcmatic and naphthenic canpounds which can 
degrade combustion quality (5). The problems associated with the use 
of highly armtic fuels are well known and widely docmented (6 - 
11). 
and their performance could help refiners to better handle such 
problens and allow more blending flexibility. In the case of heating 
oils, possible use of lower grade fractions will reduce manufacturing 
costs and allow diversion of more quality components into diesel fuel 
and gasoline. with these objectives in mind, an experimental program 
to study the effects of oil quality on residential oil combustion 
characteristics is being carried out at the Canadian Canbustion 
Research Laboratory. 

amurate and reliable analytical techniques for fuel property 
determinations are critical in order to achieve accurate correlation 
with performance characteristics. 
techniques for use in petroleum refineries is also an important 
consideration. 
are numerous mthods available, but limitations associated with each 
technique restrict its use to certain areas. This paper describes the 
approaches taken to determine the aromatic content of middle 
distillate fuels, and presents the correlations observed between fuel 
aromatics and particulate emissions. 

Due to cold climate and imnense distances, Canada is one of 
As a result of 

Middle distillates processed 

A better understanding of the relations between oil properties 

In the course of this study, it has become apparent that 

The suitability of the various 

For example, in the determination of aranatics there 

/ 
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EXPERIMENTAL 

Exper imental faci 1 i ty . 
Detailed descriptions of the experimental equipnent and 

procedures developed for the fuel quality evaluation program have 
been reported elsewhere (12). Figure 1 is a schematic diagram of the 
equipnent used in the combustion experiments. 
includes a comrcial warm air furnace, a chilled air distribution 
systm, fuel conditioning unit, continuous mission analyzers, and 
data acquisition and processing equipment. 
given to the design of the test rig so that experimental conditions 
would simulate those of a "real life" residential environment. 

The experimental rig 

Special mphasis was 

Fuel variety. 

The middle distillate oils selected for this study =re 
obtained from six major Canadian oil companies and from the National 
Research Council of Canada. The oils include comnercial No. 2 fuels, 
No. 2 fuels processed from synthetic crudes, light gas oils, light 
cycle oils, jet fuels, diesel fuels from conventional crudes, 
laboratory-blend synthetic diesels and oil blends prepared for 
specific properties. 

Experimental procedure. 

A typical experimental run required 40-60 minutes of 
preparation to set the control conditions in the test rig and to 
calibrate the analyzers. The actual test procedure started with an 
initial burner start-up (cold start), followed by a continuous one 
hour run, off for 10 minutes, follow& by five 10 minute on/l0 minute 
off cycles operations. A complete experimental run lasted a total of 
170 minutes. The control conditions selected for evaluation of all 
the test fuels included the following: fuel temperature of 7% and 
15%, oil p p  pressure of 689 K pascal (100 psi), furnace exit draft 
of 0.1 an (0.04 in) water column, cold air return tenperature of 15% 
and fuel firing rate of 2.6 litres per hour (0.65 U.S. GPH). The oil 
nozzle used was of the hollow type (NS) with 800 spray angle. The 
combustion air supply was set independently for each fuel to obtain a 
steady-state snoke number of 2 when tested with a Bacharach smoke 
test instrument prior to the run. 

Gaseous enissions of 02, CO2, CO, NO,, and hydrocarbons, 
along with selected temperatures were continuously monitored during 
the entire run. Data acquisition was carefully planned at selected 
intervals so that the critical start-up and shut-down transient 
emissions were recorded. 
the start-up transient period using calibrated diesel exhaust smoke 
opacity meter (Celesco model 107, Berkeley Instruments) which had 
been previously modified for these tests. 

Particulate emissions were measured during 
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Fuel characterization methods. 

The analytical techniques used to characterize the fuels 
include ASTM standard methods for density, viscosity, distillation, 
flash point, pour point, analine point and aranatic components. 
Additional techniques used for the determination of aranatics are 
proton nuclear magnetic resonance ( ~ m )  for aranaticity and gas 
chranatography/rnass spectrometry (GCm) for hydrocarbon canpound 
types. 

' I  

Proton nuclear magnetic resonance spectroscopy. 

Two laboratories were utilized for this analysis. Laboratory 1 
used 2 Variar! ET-20 .  
spectrometer. 
used to record the spectra. 
used as solvent. 

Laboratory 2 applied a 90 MHz Varian M-390 

Chloroform -dl (99.9%) with ME4Si was 
Sample to solvent concentration ratios of 50/50 were 

Mass spectroscopy. 

A Finnigan 4500 quadropole mass spectrometer was used for 
MS and GC/MS determinations of PONA and mono-, di-, and poly- 
arcmatic fractions. 
(3% &xi1 300 on acid washed Chranosorb W) heated from 60oC to 300% 
at a progrmed rate of 80C/min. Chenical ionization (methane) mass 
spectra were acquired continuously during the gas chranatographic 
separation on a 3 second cycle. 
of each given class of compounds - paraffin, naphthenes, and 
arcanatics - were sumned continuously throughout the run in 
characterizing the compound type classes. The olefin content was 
determined using the FNMR method and any interfering peaks in the 
mass spectra were corrected. 
in the published literature(l3). 

The samples were separated using a 1.83 m column 

The series of peaks characteristic 

The detailed PONA method is available 

RESULTS AND DISCUSSIONS 

Determination of aranatic components in test fuels. 

While it is well known that armtic hydrocarbons increase 
particulate missions and cause related problens in combustion, the 
method for determining aranatics is not straightforward. The FIA 
(fluorescent indicator absorption) method is the most widely used 
standard method (ASTM D 1319) in the oil industry, although it is 

light distillate oils. 
and precision but are labour and cost intensive. 

- known to have mor accuracy. Its application is also limited to 
OC/W and bPC? methods provide better accuracy 

The industry has 
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not completely accepted these sophisticated instrumental techniques 
since they require specially trained operators and temperature 
controlled environments. 
(HPF),  with its efficient chromatographic column, is known to 
provide good separation of hydrocarbons but its detection technique 
is sanewhat limited. The two most c m n  detection systems, 
ultraviolet (W) and refractive index (IR), are very compound 
specific to hydrocarbon compound types and require extensive 
calibration for all compounds present in oils. 
method is not practical for refinery applications although the 
instrumentation is less costly and less sophisticated than for G C h S  
and NMFL "WJ detectors considered to be preferable to the W and IR 
are the flame ionization detector (FID) and the dielectric constant 
(E) detector. As part of the research program described herein, 
further work is being carried out to develop a nonconventional simple 
method for determining the aromatics in oils by HPLC with FID 
detection. 

in aromatic analysis, it was decided to apply several different 
techniques to determine the aromatic components of the test fuels 
evaluated in this study. Table 1 shows the aromatic data of 22 
test fuels as determined by different techniques. 
critical to have accurate fuel property data in establishing the fuel 
quality/performance characteristics, attempts were made to have 
duplicate analyses done by independent laboratories whenever 
possible. Aromatic content is gathered from FONA data using the 
G C h S  technique. It is defined as the percent of arcmatic type 
hydrocarbons determined on a molecular basis. Aromaticity as 
described herein represents the percent carbon in aromatic rings or 
the ratio of aromatic carbons to the total number of carbons (14). It 
can be determined by proton NMR or carbon 13 NMR methods. 
Aromaticity data were chosen for duplicate independent analysis since 
NMR is less dependent on the instrment, operator, and method than 
GC/MS. 
standard method. 

in Figures 2 and 3. 
good agreement and have a linear correlation coefficient of 0.958. 
The aniline pint data show greater spread (Figure 2) which could be 
due to the fact that aniline point is not an absolute parameter but 
only provides a measure of aromatics. 
known to give poor accuracy in the analysis of heavy fuels. 
correlation coefficient for the aniline point data is 0.928. 

data. 
coefficient of 0.963. However, the method cannot provide data for 
scme heavy fuels due to incanplete separation in column 
chromatography. 

laboratories. 
manipulation methods used by the two laboratories. 

High performance liquid chromatography 

Therefore, this 

Due to the above discussed variations and limitations involved 

Since it is 

Aniline pint measurements were made using the ASTM D 611 

The correlation between different analysis methods can be seen 
The aromatic content and aromaticity data are in 

As well, aniline point is 
The 

Figure 3 is the regression plot of the FIA and aromatic content 
It shows a positive linear correlation with a correlation 

Figure 4 compares the aromaticity data from two independent 
The slight variation is due to the difference in data 

Laboratory 1 used 
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the Brown and Ladner method which assumes that the paraffinic 
hydrogen to carbon ratio is exactly 2.0 (15). 
assumption that the hydrogen to carbon ratio is larger than 2.0 and 
also incorporated corrections associated with other physical 
properties such as density and refractive index (16). The d i n e d  
data show god agr-nt with a correlation coefficient of 0.971. 

reported in Table 2. 
e.g. fuel density, and aromatic properties was also studied as 
illustrated in Figure 5. 
linear relation with a correlation coefficient of 0.942. Aniline 
point data show wide variation which can be attributed to the reasons 
previously discussed. 

Significant improvement can be seen in aniline point data 
correlation when it is related to the K factor of the fuels. K 
factor, also known as the Watson characterization factor, is defined 
as 

Laboratory 2 took the 

The physical and chmical properties of all the test fuels are 
The correlation between physical properties, 

Aromaticity and density exhibit a good 

(B,  R)  ''3 
K = I---___ 

S 

where Q,R = molal average boiling point, OR 

s = specific gravity at 60/60 F (17) * 

K factor is the most widely used index of composition in the 
characterization of petroleum crude oils. 

for aromaticity-K factor and aniline point-K factor respectively. 
The improvement is due to the incorporation of boiling points rather 
than considering only one parameter: density (specific gravity). 
K factor is the most pranising parameter for refinery use since it 
can be easily calculated frm the boiling points and specific gravity 
data, which are readily available from fact sheets. 
research stEdy, correlations are being developed to use K factor in 
place of fuel aromaticity to predict fuel performance. 

From Figure 6, the improved correlations are 0.979 and 0.963 

As part of this 

Effect of fuel aromatics on soot production. 

The effects of fuel aromatic canpounds on cixnbustion processes 
have been widely studied and are well documented in the literature. 
The impact of aromatics on residential oil canbustion, especially on 
the increased generation of incomplete combustion products (e.g. 
particulates, carbon monoxide and hydrocarbons) have been examined 
under the research program described herein. Discussion in this 
paper is limited to soot production. 

In the literature on solid particle missions from canbustion 
processes measurgnents for parameters such as smke, particulates, 
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opacity and soot are reported based on the specific methods and 
instrunentation used. 
for regulatory prpose as "any material with the exception of water 
that collects on a filter operated in an air-diluted exhaust stream" 
require multi-step, time consuming and expensive operations. Soot or 
carbon is defined as the nonvolatile portion of particulates and can 
be measured by thermgravimetric analysis or by the removal of 
condensed hydrocarbons from the particulates. 
meters provide smke opacity or transmittance readings and snoke 
testers such as Bosch and Bacharach (AS'IM snoke nmber) offer m k e  
numbers. 
combustion solids", conversion between the various methods is 
difficult if not impossible. 
Hanan(17) who reports conversion factors among 11 smke measurements; 
Alkidas (18) reported on the relationship between smoke measurements 
and particulates. 

measured with a Celesco smoke opacity meter and a Bacharach smoke 
number tester. The calibration of the snoke meter, and correlation 
with particulate mass concentration, has been carried out and 
reported elsewhere (20). Analytical data are reported in terms 
of percent opacity for ease of discussion; each reading represents 
opacity p r  transient phase or per cycle. 
data reported is the mean of a 5 cycle test. 

of all test fuels has been discussed in a previous publication(l2). 
Each value represents the mean of data from a minimum of 3 runs, with 
precision expressed as the coefficient of variation. For regular 
cmrcial No 2 fuels, transient emissions show variation of less 
than 7%. 
combustion problems, show poor precision with errors usually higher 
than 20%. The error increases with decreasing oil quality. The 
regression plots in this paper show data from both a wide range of 
fuels. 
the right hand of the graph) are much larger than for the better 
quality oils (data on the left hand side). 

The precision of the data is also affected by the run type. 
Transient opacity readings fran cyclic operations show better 
precision than for cold start trials. This is a direct reflection of 
the effect of oil temperature on combustion. 
are subject to cold fuel and environment, whereas the subsequent 
cyclic starts experience more favourable conditions. 
even though for all the experiments reported herein the fuel tank 
temperature was maintained at 15%, the oil tenperature at the nozzle 
adapter at the beginning of a cold start averaged 17 - 20 % as 
canpared to 40 - 75 OC for cyclic runs. 

from combustion tests of 22 fuels are reported in Table 4. 
graphically canpares cold start and cyclic data. 
the most reliable among 4 different parameters, is used as the 
measure of fuel aromatic canponents. 

Particulates, which are generally defined 

C-rcial smoke 

Although these methods all measure sane sort of "unburnt 

Attempts at this have been made by 

In this study, solid particles from furnace exhaust are 

For cyclic operations, 

The analytical precision of the data from opacity measurements 

Heavy and highly arcmatic fuels which usually experience 

The errors associated with the lowr grade fuels (usually on 

Cold start operations 

For example, 

Opacity readings fran cold start and cyclic transient phases 
Figure 7 

Arcmaticity, being 

The current data indicate an 
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exponential increase in smoke opacity at cold start ignition for an 
increase in aromatic components. 
aromaticity suggests the upper limit which the fuels can tolerate 
without excessive mission levels. 
observed from domestic furnaces firing with cmrcial No. 2 fuels 
are 1.5% to 2.5% at the cold start transient phase. 
operations generate much lower smoke due to a more favourable 
combustion enviroment. The effect of aromatics during normal 
furnace on/off operation is less pronounced even when oils with 
considerably high aromatic content are used. 
cyclic start for comercial furnace fuels is between 0.3% to 0.7%. 
The worst case observed (1.8% opacity) is for fuel with aromaticity 
of 59%. 

prime factor causing soot production from residential burners. In 
reality, the observed combustion characteristics including gaseous 
afi4 particulate missions and burner ignition behavinur are caused by 
several physical and chemical properties, interrelated in a complex 
manner. For example, the breakaway pint at 45% aromaticity, as 
seen in Figure 7, coincides with the following breakaway pints in 
the applicable plots: 60% aromatic content, 4 c St fuel viscosity 
and cetane index of 25. Results describing the overall effects of 
aromatics, viscosity, and other physical and chanical properties on 
soot production have been reported elsewhere (18). It should be 
noted that in the opacity - aromaticity regression plots data from 
fuels with viscosity higher than 3.5 c St are omitted in order to try 
and isolate viscosity effects. 
the effect of any one parameter on combustion performance, however a 
general indication of its importance may be drawn. 

with the objective of incorporating all of the significant fuel oil 
properties into a mathematical d e l  which predict combustion 
performance based on oil properties. 

The breakaway point at 45% 

Opacity readings normally 

Cyclic 

The average opacity per 

From these observations, it appears that aromaticity is the 

It is impossible to totally isolate 

The research program described in this paper is continuing 
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Fuel 

C 
D 
E 
F 
L 
M 
N 
0 
P 

R 
V 
W 
X 
Y 
z 
AA 
BJ3 
cc 
DD 
EE 
w 

Q 

Table 1. Aromatic Properties of Fuels. 

FIA 
% 

A O S  

45 3 53 
na na na 
23 11 66 
na M na 
38 1 61 
71 1 28 
29 1 70 
78 2 21 
78 1 22 
28 1 71 
20 0 82 
32 1 31 
30 1 70 
42 1 57 
55 2 44 
34 1 66 
33 1 67 
45 4 52 
59 1 39 
69 3 28 
62 2 36 
31 2 67 

MS 
% 

P O  N A 

24 0 34 42 
29 0 38 33 
32 0 43 25 
21 0 26 42 
29 0 36 35 
15 0 20 65 
33 0 37 30 
1'2 0 14 76 
13 0 13 74 
32 0 41 27 
37 0 40 23 
31 0 46 28 
33 0 42 30 
27 2 28 48 
23 1 30 50 
31 0 46 27 
28 0 51 26 
31 0 35 39 
25 0 27 54 
19 0 21 64 
14 0 17 68 
35 1 35 29 

Armticity Aniline 
% point 

Laboratory1 Laboratory2 OC 

31 
24 
21 
42 
21 
40 
16 
51 
48 
15 
9 
14 
15 
32 
34 
18 
18 
28 
36 
46 
45 
20 

31 
22 
19 
44 
27 
48 
22 
59 
54 
19 
16 
17 
22 
42 
43 
21 
23 
38 
44 
53 
49 
25 

45 
60 
61 
31 
55 
26 
57 
5 
7 
61 
56 
46 
50 
29 
36 
57 
56 
41 
30 
14 
25 
56 

A, 0, S denotes aromatics, olefins, saturates 
P,O, N,A denotes paraffins, olefins, naphthenes, aromatics 
na denotes not available 

r 

I 

/ 

r 
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Table 2. Physical and Chemical Properties of Fuels. 

Fuel Density Viscosity Heat of Simulated 
kg/l c St @ combustion distillation 
15% 40W MJ/Kg 

C 0.88 2.91 44.8 
D 0.86 3.04 46.2 
E 0.86 3.26 46.8 
F 0.92 3.42 44.6 
L 0.86 2.68 44.0 
M 0.93 3.60 42.9 
N 0.85 2.09 44.3 
0 0.95 2.82 42.4 
P 0.94 2.82 43.2 
Q 0.85 2.59 45.5 
R 0.80 1.28 46.2 
V 0.84 1.74 45.3 
W 0.84 1.88 45.3 
X 0.86 1.35 44.2 
Y 0.91 3.26 43.7 
Z 0.87 4.09 44.8 

?!.A 0.88 5.12 44.7 
!3B 0.88 2.65 44.5 
02 0.90 2.70 43.9 
DD 0.94 2.77 42.7 
EE 0.92 2.90 43.2 
FF 0.86 2.52 45.1 

* na denotes not available 

% 5% 

160 
188 
211 
189 
190 
221 
196 
179 
184 
172 
121 
94 
134 
127 
207 
204 
211 
206 
213 
224 
185 
200 

W 95% 

387 
357 
351 
421 
404 
359 
3 57 
309 
316 
363 
220 
414 
356 
376 
380 
378 
386 
332 
329 
330 
380 
325 

Flash 
point 
oc 
62 
64 
88 
67 
62 
114 
62 
87 
101 
63 
‘48 
11 
21 
10 
70 
72 
14 
73 
78 
83 
65 
70 

Pour 
point 
W 

-39 
-29 
-26 
-52 
-18 
-13 
-30 
-24 
-27 
-29 
-51 
-60 
-36 
-60 
-33 
-33 
-42 
-24 
-36 
-27 
-51 
-30 

Refractive 
index 

1.50 
1.48 
1.48 
1.49 
1.49 
1.53 
1.47 
1.55 
1.54 
1.47 
1.45 
1.47 
1.47 
1.51 
1.52 
1.49 
1.49 
1.50 
1.51 
1.54 
1.53 
na 

\ 

\ 
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Table 3. Correlation of Fuel Properties and Particulate Emissions. 

Fuel Arana- 
tic i ty% 

C 31 
D 22 
E 19 
F 44 
L 27 
M * 48 
N 22 
0 59 
P 54 
Q 19 
R 16 
V 17 
w 22 
X 42 
Y 43 
z * 21 
?iA * 23 
BB 38 
cc 44 
DD 53 
EE 49 
ET 25 

Armtic 
content% 

42 
33 
25 
42 
35 
65 
30 
76 
74 
27 
23 
28 
30 
48 
50 
27 
26 
39 
54 
64 
68 
29 

Analine Diaromatics K factor Opacity% 
pointOC %(K/Ms) (cs) (cy) 

45 12 11.29 1.3 0.7 
60 12 11.56 1.6 0.5 
61 6 11.64 1.8 0.6 
31 
55 
26 
57 
5 
7 
61 
56 
46 
50 
29 
36 
57 
56 

12 
13 
19 
8 
44 
30 
5 
3 
2 
5 
18 
22 
7 
6 

11.01 
11.45 
10.81 
11.55 
10.46 
10.62 
11.68 
11.79 
11.54 
11.58 
11.21 
11.03 
11.52 
11.43 

1.5 
1.9 

* 52.3 
0.7 
16.8 
9.1 
1.: 
0.3 
1.6 
2.0 
2.1 
10.4 

* 2.4 
*14.8 

2.2 
1.3 
1.8 
0.2 
1.9 
2.1 
0.4 
0.1 
1.2 
0.6 
1.8 
1.2 
1.0 
0.6 

41 13 11.22 3.0 1.2  
30 19 11.01 5.0 2.3 
14 34 10.61 15.4 1.8 
25 na 10.81 20.9 2.9 
57 10 11.57 2.3 0.6 

cs denotes cold start 
cy denotes cyclic start 

Smoke # 
(CS) (cy) 

6 6  
8 6  
7 6  
9 7  
7 7  
>9 7 
6 6  
>9 7 
8 7  
7 6  
6 4  
8 7  
7 6  
7 6  

>9 7 
>9 6 
9 5  
8 6  
8 7  
>9 7 
>9 7 
5 4  

data not a w e 3  in regression plots as fuel viscosity was higher than 
3.6 c St. 
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Figure 1. Schematic of the  laboratory equipnent facility used 
in the fuel quality evaluation experimental program. 
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/ ABSTRACT 

The bitumen of Chattanooga oil shale has been extracted with 
benzene. The benzene-soluble material was separated into acid, base 
and neutral fractions with ion exchange chromatography. This I 

separation scheme has been used extensively to separate the organic 

with BF fMeOH. A large portion of the acid fraction was not 
esterifisd and this material was considered to be phenolic. The 
bases were separated into two fractions using alumina. The esters, 
the two base fractions and the total neutral fraction were analyzed 
using gas chromatography coupled to mass spectrometry. Two series 
constituting the methyl esters of normal carboxylic acids and 
carboxylic acids containing one double bond were identified. No 
homologous series were indicated in the base fraction. The base 
fraction was highly aliphatic. The major components in the neutral 
fractions were two series constituting normal and isoprenoid 
alkanes. A series of cycloalkanes and a series of alkenes were also 
indicated. The analysis scheme employed functions well for the 
separation and identification of aliphatic materials. 

material in Green River oil shale. The acid fraction was esterified I 

/ 

INTRODUCTION 

Several cores of Chattanooga Shale from Tennessee have been 
extracted with benzene. The benzene-soluble bitumens have been 
further separated into acid, base and neutral fractions (1). In that 
study, the bitumen was dissolved in benzene and the acid fraction 
was absorbed on IRA 904 anion exchange resin. The acids were 
stripped from the resin by Soxhlet extraction with five percent 
acetic acid in benzene. In a similar fashion, the bases were 
absorbed on A-15 cation exchange resin and stripped by Soxhlet 
extraction with five percent isopropyl amine in benzene. The 
unabsorbed material constituted the neutral fraction. This 
separation scheme was adapted from the scheme proposed by Jewel1 et 
al. ( 2 )  and has been used to separate organic material associated 
with Green River oil shale (3.4.5). This scheme has been very 
successful in separating the mostly aliphatic material in Green 
River oil shale. Chattanooga oil shale, however, has been shown to 
be highly aromatic ( 6 ) .  "he work presented in this paper was 
performed to identify components of the bitumen of Chattanooga oil 
shale and to make a comparison of the results to corresponding 
results for Green River oil shale. 

Cooper (7) has extracted a Chattanooga oil shale outcrop in 
Texas and identified the presence of normal carboxylic acids from C 
to c with a maximum at C The ratio of even numbered carboxyd 
acidg'to odd numbered acid&%as measured at 1.56. Leddy et al. ( 8 )  
extracted Antrim oil shale (a similar formation of the same age in 
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Michigan) with toluene and identified a series of normal alkanes and 
porphyrins. 

EXPERIMENTAL 

The acid fractions were esterified using boron trifluoride in 
methanol as described by McGowan and Diehl ( 9 ) .  Approximately 0.1-9 
samples of the acid fraction were boiled for five minutes in five mL 
of 14 percent boron trifluoride in methanol. The esters were 
extracted with two five-mL portions of pentane. Not all of the 
organic material was extracted into pentane. The base fraction was 
placed on an activated alumina column and eluted with hexane 
followed by benzene thus producing two fractions. The neutral 
fraction was not separated further. 

The esters, the total base fraction and the neutral fraction 
were initially separated by gas chromatography on a six-foot, 1/8-&n 
Tenax column which was temperature programmed from 100°C to 350 C 
with a flame ionization detector (FID). The esters the two base 
fractions and the neutral fraction were later separated on a 30- 
meter DB-5 fused siAica capA1lat-y column which was temperature 
programmed from 50 C to 310 C with FID detection. Finally the 
separation was performed using the capillary column coupled to a 
mass spectrometer. A Finnegan 4000 GC/MS system was used. Mass 
spectra were recorded for the major peaks in each fraction. 

RESULTS AND DISCUSSIONS 

The pentane-insoluble organic matter remaining after the 
esterification process represented a highly polar material. This 
material was considered to be phenolic. However highly polar 
esters could also have been present. The presence of inorganic 
salts in the residue and the high volatility of the produced esters 
made quantitation of this polar material difficult. Attempts were 
made to quantitate the amount of weak acids (phenols) in the acid 
fraction by extraction of the carboxylic acids with NaHCO solutions 
and back extraction after acidification. The extracted3 materials 
and residues were very gelatinous and difficult to work with. No 
conclusive results were obtained. This material was not analyzed 
further . 

The gas chromatograms resulting from the DB-5 column and flame 
ionization detector for the esters, the hexane-soluble base fraction 
and the neutral fraction appear in Fig. 1. Three homologous series 
account for all of the major peaks in the esters of the acid 
fraction. One of the series was composed of normal alkanes ranging 
from C to C with a maximum at C The alkanes were absorbed by 
the later 
stripped by the acetic acidlbenzene solvent. The major series in 
the ester fraction was composed of the methyl esters of normal 
carboxylic acids. Normal saturated carboxylic acids from C to C 
were identified with a maximum at C There was a fiefini2g 
predominance of the even numbered c&oxylic acids to the odd 
numbered carboxylic acids. The methyl esters of the even numbered 
normal acids constituted 36 percent of the fraction while the methyl 
esters of the odd numbered normal acids constituted only five 
percent. A second series was composed of the methyl esters of 
normal carboxylic acids containing one double bond. Unsaturated 
acids from Cl0 to Cz0 were identified with a maximum at C18. The 

ph?yvinyfO benzene portion of & ion exchange resin and 
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position of the double bond was not identified in this study. 
However, the mass spectrum of the methyl ester of the C 
unsaturated acid was almost a perfect match with the librah# 
generated mass spectrum for methyl oleate. Although not as 
pronouced as for the saturated acids, there was also a definite 
predominance of the even numbered unsaturated acids to the odd 
numbered unsaturated acids. The methyl esters of the even numbered 
unsaturated acids constituted eleven percent of the fraction while 
the methyl esters of the odd numbered unsaturated acids constituted 
four percent. Methyl esters of isoprenoid carboxylic acids were not 
identified. Methyl esters of aromatic carboxylic acids were not 
identified. 

NO clear homologous series of bases were identified. No base 
was unambiguously identified. The mass spectrum of most the 
components of the base fraction indicated the presence of alkyl 
amines. Alkyl amines from C to C containing from zero to three 
degrees of unsaturation wer&'indic@ed. Five components had mass 
spectra which indicated highly aromatic systems. One of these was 
tentatively identified as a Cle quinoline (10). 

The major series in the neutral fraction was composed of normal 
alkanes ranging from C to C with a maximum at C A second 
homologous series was ch&osed3hf isoprenoid alkanes 'Zanging from 
C to C with a maximum at C Both phytane and pristane were 
ilhtif iei? Two other homoi&ous series. together equal in 
concentration to the isoprenoid series, were composed of 
hydrocarbons containing one degree of unsaturation. The mass 
spectra of these compounds indicated a series containing rings and a 
series containing double bonds. A C alkane containing a 
cyclohexyl ring was identified. Cycloalkaaes from C to C were 
indicated with a maximum at C alkene wA2 ide&!if ied. 

other h o m o l ~ g o u ~ ~ s e r i e ~ ?  in very low concentration, were lddicated 
by the gas chromatograms but were not identified by mass 
spectrometry. There was no even to odd predominance in either of 
the alkane series, the cycloalkane series or the alkene series. No 
aromatic compounds were indicated as major components of the neutral 
fraction. 

The major compounds identified in this study were essentially 
the same as the major compounds identified in Green River oil shale 
(11,12.13,14,15). The notable exceptions were the presence of 
isoprenoid carboxylic acids and dicarboxylic acids in Green River 
oil shale; and the presence of unsaturated carboxylic acids and 
alkenes in Chattanooga oil shale. The presence of unsaturated acids 
and alkenes was unexpected and has not been noted previously for 
Chattanooga oil shale. Unsaturated essential fatty acids, such as 
Oleic acid, were probably present at the time of deposition of both 
Chattanooga and Green River oil shale. However the conditions of 
lithification have apparently destroyed the double bonds in the case 
of Green River oil shale while preserving the double bonds in the 
case of Chattanooga oil shale. 

The major components identified in each fraction in this study 
were aliphatic in nature. Only a few aromatic bases were indicated. 
The infrared spectra of each fraction (1) indicated the presence of 
aromatic material. The separation scheme employed in this study 
including the fractionation, derivatization and gas chromatography 

Alkenes from C to C were in&at::alth a maximum at C TWO 
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did an excellent job of identifying aliphatic material. While this 
scheme works well in identifying the primarily aliphatic components 
in Green River oil shale, the scheme falls short in identifying all 
the major components of Chattanooga oil shale. The aromatic material 
present in Chattanooga oil shale was not identified. Some of the 
aromatic material may have been present in the pentane-insoluble 
portion of the esterified apids. It is possible that the aromatic 
material in Chattanooga oil shale is present primarily in the 
kerogen and not in the soluble bitumen. However this seems 
unlikely. 

CONCLUSIONS 

A series of normal alkanes and a series of normal carboxylic 
acids have been identified in the acid fraction of the bitumen of 
Chattanooga oil shale. An unexpected series of normal carboxylic 
acids containing one dodle bond has also been identified. There 
was a definite predominance of even numbered acids to odd numbered 
acids. The base fraction was primarily aliphatic. A series of 
normal alkanes, a series of isoprenoid alkanes and a series of 
cycloalkanes have been identified in the neutral fraction. A n  
unexpected series of alkenes was also identified. The separation 
scheme employed does not identify any aromatic materials as major 
components of the bitumen. 
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Fig.  1. Gas chromatograms of A. methyl esters 
of ac id  f r a c t i o n  B. hexane-soluble f r a c t i o n  
C. neu t ra l  f r a c t i o n  
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SOLVENT SWELLING OF C O A L  AND COAL MACERALS 

D a v i d  M .  B o d i l y ,  J y i - P e r n g  Wann and  Vance Kopp 

D e p a r t m e n t  o f  F u e l s  E n g i n e e r i n g ,  U n i v e r s i t y  o f  Utah 
S a l t  Lake  C i t y ,  Utah 84112 

I N T R O D U C T I O N  

C o a l  is c o m p o s e d  o f  o r g a n i c  m a c e r a l s ,  i n o r g a n i c  m i n e r a l  m a t t e r ,  
p o r e s  and p o r e - f i l l i n g  f l u i d s .  C o a l  n o r m a l l y  d i s p l a y s  t h e  p r o p e r t i e s  
of an  amorphous s o l i d ,  b u t  u n d e r  a p p r o p r i a t e  c o n d i t i o n s ,  c o a l  d i s p l a y s  
b o t h  p l a s t i c  a n d  e l a s t i c  b e h a v i o r ( 1 - 3 ) .  A m o d e l  t o  d e s c r i b e  t h e  
s t r u c t u r e  of t h e o r g a n i c  c o n s t i t u e n t s  o f  b i t u m i n o u s  c o a l  is  t h a t  of a 
b r a n c h e d / c r o s s l i n k e d  po lymer .  T h e r e  is no r e p e a t i n g  monomer u n i t ,  b u t  
a u n i t  s t r u c t u r e  w h i c h  is c o v a l e n t l y  bonded by b r i d g i n g  g roups .  The  
u n i t  s t r u c t u r e s  a r e  composed o f  c o n d e n s e d - r i n g  a r o m a t i c  g r o u p s  of f r o m  
2-4 r i n g s ,  w i t h  m o l e c u l a r  w e i g h t s  of a r o u n d  300.  The a r o m a t i c  r i n g s  
a r e  s u b s t i t u t e d  by n a p h t h e n i c  r i n g s ,  a l k y l  g r o u p s  and p h e n o l i c  g roups .  
The b r i d g i n g  g r o u p s  c o n t a i n  C - 0  and C-C bonds wh ich  a r e  b roken  d u r i n g  
d e p o l y m e r i z a t i o n  and  o t h e r  l i q u e f a c t i o n  p r o c e s s e s .  The u n i t  s t r u c t u r e s  
c l u s t e r  i n  g r o u p s  w h i c h  g i v e  r i s e  t o  X-ray d i f f r a c t i o n  p a t t e r n s  s i m i l a r  
t o  t h o s e  o b s e r v e d  fcr  g r a p h i t e .  The t h r e e - d i m e n s i o n a l  a r r a n g e m e n t  of 
t h e  s t r u c t u r a l  u n i t s  p r o d u c e s  a s i g n i f i c a n t  m i c r o p o r e  volume. I n  
a d d i t i o n  t o  t h e  c o v a l e n t  b r i d g e s ,  p o l a r  i n t e r a c t i o n s  a l s o  s e r v e  a s  
c r o s s  l i n k s .  

T h e  c o n d e n s e d - r i n g  a r o m a t i c  u n i t s  a r e  r i g i d ,  b u t  t h e  c o v a l e n t  
b r i d g e s  s h o u l d  p r o v i d e  some f l e x i b i l i t y .  However,  t h e  bond ing  w i t h i n  
c l u s t e r s  o f  u n i t  s t r u c t u r e s  a n d  t h e  p o l a r  i n t e r a c t i o n s  r e d u c e  t h e  
m o b i l i t y  o f  t h e  c o a l  u n i t s  a n d  u n d e r  n o r m a l  c o n d i t i o n s ,  c o a l  is a 
g l a s s .  A t  t e m p e r a t u r e s  i n  t h e  s o f t e n i n g  r a n g e ,  c o v a l e n t  bonds i n  t h e  
b r i d g i n g  g r o u p s  a r e  b r o k e n  a n d  t h e  p o l a r  i n t e r a c t i o n s  d i s r u p t e d ,  
p r o v i d i n g  f l u i d i t y  t o  t h e  c o a l  m a s s .  When c o n t a c t e d  a t  room 
t e m p e r a t u r e  w i t h  a s u i t a b l e  p o l a r  s o l v e n t ,  c o a l s  s w e l l  a n d  e x h i b i t  
p l a s t i c  a n d  e l a s t i c  p r o p e r t i e s ( 1 - 3 ) .  Under  t h e s e  c o n d i t i o n s ,  t h e  p o l a r  
b o n d s  a r e  b r o k e n  a n d  t h e  s o l v e n t  a c t s  a s  a p l a s t i c i z e r  f o r  t h e  
m a c r o m o l e c u l a r  n e t w o r k  of t h e  c o a l .  C o a l  p a s s e s  t h r o u g h  a s i m i l a r  
s t a t e  i n  b o t h  c a r b o n i z a t i o n  a n d  l i q u e f a c t i o n  p r o c e s s e s ,  w i t h  t h e  
s o l v e n t  b e i n g  e i t h e r  a d d e d  v e h i c l e  o i l  o r  d e c o m p o s i t i o n  p r o d u c t s  of t h e  
c o a l  i t s e l f .  S o l v e n t s  w i t h  H i l d e b r a n d  s o l u b i l i t y  p a r a m e t e r s  i n  t h e  
r a n g e  of 9-15 ( c a l / c r n 3 ) 1 I 2  a r e  e f f e c t i v e  i n  s w e l l i n g  c o a l s  and ,  i n  some 
c a s e s ,  i n d u c i n g  s p o n t a n e o u s  f r a c t u r i n g ( 4 ) .  T h e  i n t e r a c t i o n  o f  c o a l  
w i t h  o r g a n i c  s o l v e n t s  i s  of i n t e r e s t  b e c a u s e  o f  t h e  p o t e n t i a l  f o r  
r e a c t i n g  s w o l l e n  c o a l s  u n d e r  r e l a t i v e l y  m i l d  c o n d i t i o n s  and because  of 
t h e  p o t e n t i a l  f o r  c h e m i c a l  comminu t ion  and  c h e m i c a l  c l e a n i n g  of c o a l s .  
Changes i n  t h e  p h y s i c a l  p r o p e r t i e s  o f  c o a l s  i n  the  p r e s e n c e  of o r g a n i c  
s o l v e n t s  a r e  d i s c u s s e d  i n  t h i s  p a p e r .  

EXPERIMENTAL 

Four c o a l s  f r o m  t h e  P e n n s y l v a n i a  S t a t e  U n i v e r s i t y  C o a l  Sample Bank 
a n d  f i v e  b i t u m i n o u s  c o a l s  f r o m  Utah  were  s t u d i e d .  The c o a l s  i n c l u d e d  
o n e  a n t h r a c i t e  a n d  s a m p l e s  r i c h  i n  s p o r i n i t e ,  r e s i n i t e ,  v i t r i n i t e  and  
s e m i f u s i n i t e .  The  Utah  c o a l s  cover a r a n g e  of r e s p o n s e  i n  f l o t a t i o n  
e x p e r i m e n t s  f r o m  e a s i l y  and q u i c k l y  f l o a t e d  t o  d i f f i c u l t  t o  f l o a t .  

The method o f  G r e e n  e t  a 1 . ( 5 )  was u s e d  t o  m e a s u r e  t h e  s w e l l i n g  
P r o p e r t i e s  of t h e  c o a l s .  T h e  c o a l  s a m p l e  was c e n t r i f u g e d  i n  a narrow 
t u b e .  S o l v e n t  is a d d e d  a n d  t h e  c o a l  i s  a l l o w e d  t o  swe l l .  A f t e r  
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e q u i l i b r i u m  is a c h i e v e d ,  t h e  c o a l  and  s o l v e n t  a r e  a g a i n  c e n t r i f u g e d .  
The i n c r e a s e  i n  h e i g h t  o f  t h e  column o f  c o a l  i s  t a k e n  a s  t h e  v o l u m e t r i c  
s w e l l i n g  of t h e  c o a l .  T h i s  method i s  r e p o r t e d  t o  be more r e l i a b l e  t h a n  
g r a v i m e t r i c  methods and  d o e s  no t  r e q u i r e  c o r r e c t i o n s  f o r  p o r e s .  

S u r f a c e  a r e a s  o f  c o a l s  and s o l v e n t - t r e a t e d  and  h e a t - t r e a t e d  c o a l s  
were  measured by c a r b o n  d i o x i d e  a d s o r p t i o n  a t  - 7 7 O C .  The s a m p l e s  were 
p l a c e d  i n  a vacuum s y s t e m  and any s o l v e n t  was removed. The amount o f  
C02 a d s o r b e d  was  d e t e r m i n e d  a s  a f u n c t i o n  o f  t h e  p r e s s u r e  and t h e  
D u b i n i n - P o l a n y i  e q u a t i o n  was u s e d  t o  d e t e r m i n e  t h e  s u r f a c e  a r e a / p o r e  
v o l u m e 6 .  X - r a y  d i f f r a c t i o n  m e a s u r e m e n t s  were p e r f o r m e d  a t  room 
t e m p e r a t u r e  a f t e r  s o l v e n t s  w e r e  removed a t  l o w e r  t e m p e r a t u r e s .  T h e  
a s s i g n m e n t  o f  t h e  002 peak i n  t h e  d i f f r a c t i o n  p a t t e r n  was by compar i son  
w i t h  t h e  d i f f r a c t i o n  p a t t e r n  of g r a p h i t e .  

M a c e r a l  f r a c t i o n s  were  p r e p a r e d  by t h e  d e n s i t y  g r a d i e n t  c e n t r i f u -  
g a t i o n  method o f  Dyrkacz and  H o r w i t z ( 7 ) .  The  c o a l  was g r o u n d  i n  a 
f l u i d  e n e r g y  m i l l  t o  an  a v e r a g e  p a r t i c l e  d i a m e t e r  of s e v e r a l  mic rons .  
The s a m p l e  was t h e n  i n t r o d u c e d  i n t o  a d e n s i t y  g r a d i e n t  o f  C s C l  i n  w a t e r  
i n  a c e n t r i f u g e  and  d i s p e r s e d  t h r o u g h o u t  t h e  g r a d i e n t .  The  g r a d i e n t  is 
d i s p l a c e d  f r o m  t h e  c e n t r i f u g e  a n d  f r a c t i o n s  o f  d i f f e r e n t  d e n s i t y  
c o l l e c t e d .  The s a m p l e  is r e c o v e r e d  a n d  a p l o t  o f  y i e l d  v e r s u s  d e n s i t y  
p r o v i d e s  a d e n s i t y  d i s t r i b u t i o n  f o r  t h e  s a m p l e .  F r a c t i o n s  of s i m i l a r  
d e n s i t y  were  combined f o r  f u r t h e r  measu remen t s .  

RESULTS A N D  DISCUSSION 

T h e  s w e l l i n g  r a t i o  f o r  c o a l  PSOC-297 i s  shown i n  f i g u r e  1 a s  a 
f u n c t i o n  of t h e  s o l u b i l i t y  p a r a m e t e r  o f  t h e  s o l v e n t  u s e d  t o  c a u s e  
s w e l l i n g .  T h i s  c o a l  i s  63% v i t r i n i t ' e  and  16% s p o r i n i t e .  The  s w e l l i n g  
b e h a v i o r  i s  s i m i l a r  t o  t h a t  o b s e r v e d  f o r  t h e  o t h e r  b i t u m i n o u s  c o a l s ,  
a l t h o u g h  t h e  m a g n i t u d e  o f  t h e  s w e l l i n g  v a r i e s  f rom s a m p l e  t o  sample .  
T h e  s w e l l i n g  i s  e x p e c t e d  t o  b e  a maximum f o r  s o l v e n t s  t h a t  h a v e  
s o l u b i l i t y  p a r a m e t e r s  s i m i l a r  t o  t h a t  o f  t h e  c o a l .  The c u r v e  shows two 
maxima. P y r i d i n e  c a u s e s ' t h e  most s w e l l i n g  o f  t h e  s o l v e n t s  t e s t e d .  The 
e f f e c t i v e n e s s  o f  p y r i d i n e  i n  s w e l l i n g  t h e  c o a l s  is t h o u g h t  t o  be due  t o  
t h e  d i s r u p t i o n  o f  p o l a r  bonds between s e g m e n t s  o f  t h e  c o a l  m o l e c u l e ,  
r e p l a c i n g  t h e m  w i t h  H-bonds be tween  t h e  p y r i d i n e  and t h e  c o a l .  The  
s e c o n d  maximum i n  t h e  s w e l l i n g  c u r v e  i s  o b s e r v e d  f o r  THF a s  t h e  
s o l v e n t .  The s o l u b i l i t y  p a r a m e t e r  f o r  c o a l s  is e x p e c t e d  t o  be c l o s e r  
t o  t h a t  f o r  THF t h a n  f o r  p y r i d i n e .  The l e s s  p o l a r  s o l v e n t s  may be 
c a u s i n g  t h e  c o a l  t o  s w e l l  w i t h i n  t h e  c o n s t r a i n t s  o f  t h e  hydrogen  bond 
c r o s s  li n k s ,  w i t h o u t  a p p r e c i a b l y  b r e a k i n g  t h e  cross li nks.  

The s w e l l i n g  is  g r e a t e s t  f o r  c o a l s  w i t h  h i g h e r  v i t r i n i t e  c o n t e n t  
among c o a l s  o f  s i m i l a r  r a n k .  T h e  c o a l s  w i t h  h i g h  i n e r t i n i t e  a n d  
e x i n i t e  c o n t e n t s  show r e d u c e d  s w e l l i n g ,  a l t h o u g h  t h e  b e h a v i o r  w i t h  
r e g a r d  t o  s o l u b i l i t y  p a r a m e t e r  i s  q u a l i t a t i v e l y  t h e  s a m e .  T h e  
i n e r t i n i t e  f r a c t i o n  i s  n o t  e x p e c t e d  t o  swe l l  a p p r e c i a b l y .  T h e  
a n t h r a c i t e  s ample  d i d  n o t  show any s w e l l i n g  i n  any  o f  t h e  s o l v e n t s .  
The  b e h a v i o r  of t h e  a n t h r a c i t e  and t h e  i n e r t i n i t e  f r a c t i o n s  i s  e x p e c t e d  
t o  b e  s i m i l a r .  A s e p a r a t e d  s a m p l e  o f  r e s i n i t e  showed h i g h  s o l u b i l i t y  
i n  t h e  more p o l a r  s o l v e n t s .  I t  is n o t  c e r t a i n  w h e t h e r  a t r u e  s o l u t i o n  
was f o r m e d  o r  i f  i t  was  a g e l  o r  c o l l o i d a l  s u s p e n s i o n .  S w e l l i n g  
measu remen t s  c o u l d  n o t  be made on t h e  r e s i n i t e .  

S w e l l i n g  f o r  t h e  l e s s - p o l a r  s o l v e n t s  d o e s  n o t  a p p e a r  t o  b e  t h e  
e q u i l i b r i u m  S w e l l i n g  S i n c e  t h e  s t r u c t u r e  i S  c o n s t r a i n e d  by t h e  
c r o s s l i n k s  and t h e  less  p o l a r  s o l v e n t s  a r e  n o t  s t r o n  enough t o  b r e a k  
t h e s e  c r o s s l i n k s .  S a m p l e s  w e r e  s w o l l e n  w i t h  m i x t u r e s  of THF a n d  

301 



c y c l o h e x a n e .  S w e l l i n g  f o r  t h e  m i x t u r e s  was i n t e r m e d i a t e  between t h e  
v a l u e s  o b s e r v e d  f o r  t h e  p u r e  s o l v e n t s .  When t h e  s a m p l e  was  s w o l l e n  
w i t h  THF and d i l u t e d  w i t h  c y c l o h e x a n e ,  t h e  s w e l l i n g  r ema ined  n e a r  t h a t  
o f  p u r e  THF f o r  d i l u t i o n s  u p  t o  7 5 %  c y c l o h e x a n e .  O n c e  t h e  
m a c r o m o l e c u l a r  n e t w o r k  i s  e x p a n d e d  by t h e  good s o l v e n t ,  t h e  p o o r e r  
s o l v e n t  w i l l  m a i n t a i n  t h e  s w e l l i n g .  S w e l l i n g  w o u l d  be e x p e c t e d  t o  
i n c r e a s e  t h e  p o r e s  i n  t h e  c o a l  s t r u c t u r e .  S u r f a c e  a r e a s  f o r  c o a l s  and 
s w o l l e n  c o a l s  a r e  shown i n  f i g u r e  2 .  The s u r f a c e  a r e a  is r e l a t e d  t o  
t h e  p o r e  v o l u m e .  The  s u r f a c e  a r e a  f o r  non-swol len  c o a l s  is 230-250 
m2/g .  as  m e a s u r e d  a t  -77OC, f o r  s a m p l e s  t h a t  a r e  h e a t - t r e a t e d  up t o  
400OC. I f  t h e  h e a t - t r e a t e d  s a m p l e s  a r e  s w o l l e n  i n  me thano l  and t h e  
s o l v e n t  removed a t  low t e m p e r a t u r e s ,  t h e  s u r f a c e  a r e a s  i n c r e a s e  t o  300- 
3 5 0  m2/g. T h e  p o l a r  s o l v e n t  is more e f f e c t i v e  t h a n  t e m p e r a t u r e  i n  
c a u s i n g  t h e  ne twork  t o  swell. I f  t h e  s a m p l e  i s  s w o l l e n  and t h e n  h e a t e d  
t o  10OoC t h e  m a c r o m o l e c u l a r  ne twork  r e l a x e s  and t h e  s u r f a c e  a r e a  i s  
s i m i l a r  t o  t h a t  f o r  n o n - s w o l l e n  c o a l s .  The  c o a l s  w i t h  e n h a n c e d  
p o r o s i t y  show t h e  same x- ray  d i f f r a c t i o n  p a t t e r n s  a s  non-swol len  c o a l s .  
The  s o l v e n t  a p p a r e n t l y  does  n o t  d i s r u p t  t h e  s t a c k i n g  of  t h e  condensed-  
r i n g  a r o m a t i c  s t ruc tu res  i n  t h e  c o a l .  

CONCLUSIONS 

The  s w e l i i n g  of b i t u m i n o u s  c o a l s  a s  a f u n c t i o n  o f  s o l u b i l i t y  
p a r a m e t e r  of t h e  s o l v e n t  shows two maxima. O n e  is a t t r i b u t e d  t o  t h e  
s o l v a t i o n  o f  t h e  macromolecu la r  ne twork  by a s o l v e n t  w i t h  s o l u b i l i t y  
p a r a m e t e r  s i m i l a r  t o  t h e  c o a l ,  i n c r e a s i n g  t h e  hydrodynamic  volume o f  
t h e  n e t w o r k .  T h e  o t h e r  maxima i s  a t t r i b u t e d  t o  t h e  b r e a k i n g  o f  
hydrogen  bonds  t h a t  serve a s  c r o s s l i n k s  by p o l a r  s o l v e n t s .  The c o a l  
a p p e a r s  t o  b e  h e l d  i n  a c o n s t r a i n e d  s t a t e  by t h e  p o l a r  c r o s s l i n k s .  
S o l v e n t s  a r e  m o r e  e f f e c t i v e  i n  b r e a k i n g  t h e s e  r e s t r a i n s  t h a n  
t e m p e r a t u r e .  P o r o s i t y  can  be i n c r e a s e d  by s w e l l i n g  c o a l s  and removing  
t h e  s o l v e n t  a t  low t e m p e r a t u r e s .  The c o a l  n e t w o r k  h a s  c o n s i d e r a b l e  
f l e x i b i l i t y  below 100°C, a s  ev idenced  by t h e  r e l a x a t i o n  of  t h e  i nduced  
p o r o s i t y  upon t h e r m a l  t r e a t m e n t .  I n e r t i n i t e  m a c e r a l s  and a n t h r a c i t e s  
show l i t t l e  s w e l l i n g .  V i t r in i t e s  show h i g h  s w e l l i n g  and  e x i n i t e s  show 
enhanced  s o l u b i l i t y .  
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Coal Samples A v a i l a b l e  from t h e  Premium Coal Sample Program 

Kar l  S. Vorres  and S t u a r t  K .  Jan ikowski  

Chemis t ry  D i v i s i o n ,  Bu i ld ing  211 
Argonne Na t iona l  Labora to ry  
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Argonne, I L  60439  

INTRODUCTION 

The purpose  o f  t h e  Premium Coal Sample Program (PCSP) i s  t o  
p rov ide  t h e  b a s i c  c o a l  s c i e n c e  r e s e a r c h  community wi th  long  term 
s u p 2 l i e s  of a s m a l l  x m b e z  of preniilm c o a l  sami;?es t h a t  can be  
used  a s  s t a n d a r d s  f o r  c o m p a r i s o n  and c o r r e l a t i o n .  The premiun 
c o a l  samples produced from each  c o a l  and d i s t r i b u t e d  through t h i s  
proqram a r e  chemica l ly  and p h y s i c a l l y  a s  i d e n t i c a l  as  p o s s i b l e ,  
have  w e l l  c h a r a c t e r i z e d  c h e m i c a l  and p h y s i c a l  p r o p e r t i e s ,  and 
w i l l  b e  s t a b l e  o v e r  l o n g  p e r i o d s  of t i m e .  C o a l s  a r e  mined ,  
t r a n s p o r t e d ,  p r o c e s s e d  i n t o  t h e  d e s i r e d  p a r t i c l e  and  sample  
s i z e s ,  and  p a c k a g e d  i n t o  e n v i r o n m e n t s  a s  f r e e  o f  oxygen  as 
p o s s i b l e .  Humidity i s  also t o  be c o n t r o l l e d  t o  keep t h e  c o a l s  a s  
p r i s t i n e  and i n  a s  s t a b l e  a c o n d i t i o n  a s  p o s s i b l e .  

There had been a f e e l i n g  t h a t  such a program was needed f o r  q u i t e  
some t i n e  (1,2,3) - D i f f e r e n t  a u t h o r s  and workers  have expres sed  
a c o n c e r n  o v e r  t h e  d i f f i c u l t y  i n  o b t a i n i n g  w e l l  s e l e c t e d ,  
c o l l e c t e d ,  p r e p a r e d  and c h a r a c t e r i z e d  samples over  a l onc  p e r i o d  
o f  t i m e .  The v a r i a t i o n  i n  p r o p e r t i e s  th rough a c o a l  seam over  
r e l a t i v e l y  s h o r t  d i s t a n c e s  and t h e  s e n s i t i v i t y  of c o a l  samples t o  
o x i d a t i o n  i n  t y p i c a l  sample c o n t a i n e r s  l e a d  t o  d i f f i c u l t i e s  i n  
a t t e m p t s  t o  r e p r o d u c e  t h e  work of o t h e r  c o a l  r e s e a r c h e r s .  The 
PCSP i s  in t ended  t o  r e l i e v e  t h e s e  conce rns .  

A number of s t e ? s  a r e  invo lved  i n  t h e  p r e p a r a t i o n  and d i s t r i b u -  
t i o n  of c o a l  s a m p l e s .  T h e s e  i n c l u d e  s e l e c t i o n ,  c o l l e c t i o n ,  
t r a n s p o r t s t i o n ,  ? r e p a r a t i o n  o r  p r o c e s s i n g  ( i n c l u d i n g  n i x i n q  and  
p a c k a g i n g ) ,  s t o r a g e ,  c h a r a c t e r i z a t i o n ,  s h i p p i n g  and  d a t a  
d i s s e n i n z t i o n .  Each of t h e s e  is n e c e s s a r y ,  and i t  one  of t h e  
cjoals of t h e  PCSP t o  ? r o v i d e  t i e  b e s t  q u a l i t y  p o s s i b l e  i n  each  of 
t h e  s t e p s  t o  = ? t i - a t e l y  p rov ide  t h e  b e s t  q u a l i t y  s a n p l e s  t h a t  can  
be d i s t r i b u t e d .  Accord inqly  c o n s i d e r a b l e  c a r e  and p l ann ing  h a s  
gone i n t o  each  o f  t h e  s t e p s  mentioned. 

SAMPLE SELECTION 

The s u p p o r t  from t h e  Chemical Sc iences  D i v i s i o n  o f  t h e  O f f i c e  of 
Basic Energy Sc ience  w i l l  p rov ide  f o r  a s u i t e  of e i g h t  samples.  
These samples a r e  t o  ? rov ide  as broad a r ange  o f  r e p r e s e n t a t i o n  
a s  p o s s i b l e  of U. S. c o a l s .  The cho ice  of samples  h a s  invo lved  a 

1 
i 
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consideration of the chemical conposition, specifically the 
carbon, hydrogen, sulfur and oxygen contents to obtain repre- 
sentatives of the inaortant ranges available. After considera- 
tion of the chemical composition, some specific coals were 
selected. These include a North Dakota lignite, Wyoming 
subhituninous, Illinois t 6  high volatile bituminous, Upper 
FreeFort nediun volatile bituminous, Pocahontas low volatile 
bituminous, and a Pittsburrjh t 8  bituminous coal. Other coals are 
still under consideration for the remaining two samples. 

SAMPLE COLLECTION 

Sanple collection nust take place in an active commercial mine to 
assure the "freshest" coal possible. The collection is done un- 
der the supervision of at least one person from the U. S.  
Geological Survey. Either or both of Drs. Blaine Cecil and Ron 
Stanton supervise the collection of the whole seam or channel 
sample. For an underground sample, a continuous miner is used to 
ex2ose a fresh Sean face. When possible the miner is used to 
isolate a wedge shape2 or rectangular block of coal. After roof 
bolting the floor around the sample is cleared and ?lastic sheets 
are put down to collect the actual sample. A three man crew from 
the Pittsburgh Testin? Laboratory at Homer City, Pennsylvania led 
by David Allen uses hand picks to remove the samale. Coal is 
placed in double plastic bags in thinner seams (less than 5' 
thick), tied and taken to the surface for transfer to 55 gallon 
stainless steel drums. For thicker seams, the drums are taken 
directly into the mine, and the samples are shoveled carefully 
into the drums. Typical collection periods are 3-4  hours from 
the beginning of the collection to arrival of the sample at the 
surface. 
A core sample was taken for the thick subbituminous sample. A 
contractor was obtained to provide three cores. A 3 "  core was 
taken for the USGS 105, another 3" core was obtained to ?rovide 
chunks of coal for long term storage, and a 6" core was used for 
the coal to be processed. Cores were rinsed anc? loaded into 
drum in the same manner as coal from thinner seans. 

TRANSPORTATION 

A refrigerated seni-truck is used to transport the sample to ANL 
for processing. The truck loads the empty drums, cylinders of 
argon used for ?urging and other necessary equipment at ANL. 
This load is taken to the mine site. At the nine the plastic 
bags of coal are dumped into the drums or the full drums are 
placed on the truck. The druns are purqed with 10 or more 
volumes of argon gas to reduce the oxygen concentration in the 
drums to below 100 ppm. The load is then taken directly back to 
ANL for processing. Typically the sample arrives at ANL within 
24 hours after being loaded on the truck. The truck temperature 
is kept at about 42 F en route. 

PROCESSING 
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A u n i q u e  f a c i l i t y  h a s  b e e n  b u i l t  a t  ANL t o  p r o c e s s  t h e  c o a l  
samples .  I t  is a l a r g e  ? l o v e  box a b o u t  1 2 ’  t a l l ,  5 ’  wide and 4 0  
f e e t  long.  There  are 70 p a i r s  o f  long  r u b b e r  g l o v e s  i n  t h e  w a l l s  
of t h e  box t o  p e r m i t  m a n i p u l a t i o n  o f  t h e  s a m p l e  and  e q u i p m e n t  
d u r i n g  t h e  p r o c e s s i n g .  The oxygen c o n c e n t r a t i o n  i s  main ta ined  
b e l o w  1 0 0  ppm d u r i n g  t h e  p r o c e s s i n g  t h r o u q h  t h e  u s e  o f  a 
c a t a l y t i c  sys tem t o  combine hydrogen w i t h  i m p u r i t y  oxygen. 

A t  ANL t h e  truclk is unloaded and drums are t a k e n  t o  t h e  process-  
i n 9  f a c i l i t y  w i t h  a f o r k l i f t ,  w e i s h e d  a n d  p l a c e d  i n  g r o u 2 s  o f  
t h r e e  i n t o  a n  i n i t i a l  a i r l o c k .  A f t e r  7urginc; t h e  a i r l o c k ,  t h e  
drums a r e  o p e n e d ,  a n d  r o l l e d  on  ca s t e r s  t o  a h y d r a u l i c  drum 
dum2er.  The d.unper  ? i c k s  t h e  clruns u p  and pours  t h e  c o n t e n t s  
i n t o  a c r u s h e r .  The c o a l  is broken i n t o  p i e c e s  no l a r q e r  t h a n  
1/2” t h i c k .  The c r u s h e d  c o a l  p a s s e s  throuqh a c h u t e  t o  a v i b r a t -  
i n q  l i f t  which ra ises  t h e  c o a l  t o  t h e  t o p  of  t h e  box f o r  f e e d i n g  
t o  a p u l v e r i z e r .  I n i t i a l l y  t h e  p u l v e r i z e r  g r i n d s  t h e  coa l  so 
t h a t  t h e  p a r t i c l e s  p a s s  t h r o u g h  a 2 0  mesh s c r e e n .  The ground 
c o a l  i s  accumula ted  i n  a L i t t l e f o r d  S l e n d e r  w i t h  a 2 0 0 0  l i t e r  
c a p a c i t y .  T h i s  w i l l  h o l d  o n e  t o n  o f  c o a l .  A t t e r  t h e  e n t i r e  
b a t c h  h a s  been qround it i s  t h e n  t h o r o u g h l y  mixed i n  t h e  b l e n d e r .  
S p e c i a l  s t u d i e s  w e r e  c a r r i e l  o u t  t o  e s t a b l i s h  t h e  mixing charac-  
t e r i s t i c s  w i t h  c o a l  s a m p l e s  and  s e t  t h e  r e q u i r e d  d u r a t i o n  o f  
n i x i n g .  The mixed coal i s  novee from t h e  b l e n d e r  w i t h  a t u b u l a r  
conveyor t o  e i t h e r  a d i s c h a r g e  c h u t e  used t o  f i l l  5 g a l l o n  n a i l s  
f o r  t r a n s f e r  t o  t h e  i n i t i a l  a i r l o c k  f o r  r e r ; r i n d i n g  t o  p a s s  a 1 0 0  
n e s h  s c r e e n  o r  t o  f i l l  5 g a l l o n  b o r o s i l i c a t e  q l a s s  carboys  f o r  
long t e r n  s t o r a g e .  I n t e r m i t t e n t l y  p o r t i o n s  o f  t h e  s a m 2 l e  a r e  
c o n v e y e d  t o  a n  a m p o u l e  f i l l e r - sea le r .  Here amber b o r o s i l i c a t e  
v i a l s  a r e  f i l l e d  w i t h  e i t h e r  1 0  grams o f  -20  mesh material o r  5 
grams of -100 mesh material .  A hydrogen-oxygen t o r c h  i s  used a t  
s t o i c h i o m e t r i c  f lame c o n d i t i o n s  ( c o n t r o l l e d  w i t h  a ?as mass f l o w  
c o n t r o l l e r )  f o r  t h e  s e a l i n g .  
I n  p r o c e s s i n c ; , i t  i s  p lanned  t o  p r e p a r e  5 , 0 0 0  of  t h e  1 0  gram an- 
p o u l e s  of -20  mesh m a t e r i a l  and 1 0 , 0 0 0  o f  t h e  5 gram ampoules o f  
-100 mesh mater ia l .  About 8 0 %  o f  t h e  coal i s  s t o r e d  i n  carboys  
which  c a n  b e  u s e d  l a t e r  t o  f i l l  a d d i t i o n a l  a % ? o u l e s  w!ien t h e  
su?ply i s  t i e p l e t e d .  

STORAGE 

The a n p o u l e s  and c a r b o y s  are k e p t  i n  a separa . te  s t o r a g e  rooin a t  
about  72 F .  T h i s  room i s  u s u a l l y  d a r k .  

CHARACTERIZATION 

The samples  are c h a r a c t e r i z e d  f o r  t h r e e  purToses.  The f i r s t  pur- 
p o s e  i s  h o m o g e n e i t y  d e t e r n i n a t i o n .  I n i t i a l l y ,  s a m p l e s  t a k e n  
d u r i n g  t h e  f i l l i n g  of  t h e  p a i l s ,  c a r b o y s  and anpoules  a r e  p laced  
i n  h o l d e r s  f o r  i r r a d i a t i o n  i n  t h e  U n i v e r s i t y  o f  I l l i n o i s  T R I G A  
r e a c t o r .  The d i s i n t e 7 r a t i o n  ra tes  of induced  N a ,  I? and As a r e  
neaSUreC f o r  b i tuminous  c o a l s ,  w h i l e  t h e  N a ,  As,  La  and Sc vere 
used f o r  t h e  subbi tuminous  c o a l  due t o  t h e  l i m i t e d  amount of K .  
The rates a r e  compared f o r  t h e  d i f f e r e n t  samples  t o  e s t a b l i s h  t h e  
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homogeneity of the samples. The second purpose for characteriza- 
tion is the establishment of the analytical qualities of the 
coal. Samples are then analyzed in an interlaboratory program 
that is ongoing. Information on the program is available from 
the Procram Manager. Additioal participation is possible. 
Standard ASTM methods or known variations of these are ussd. Tho 
analyses include the ultimate (c,H,N,s), proximate (volatile 
matter, fixed carbon, ash and moisture), calorific or Btu values, 
sulfur forms, major and minor elements in the ash, and ec;Ui- 
librium moisture. Maceral analysis and vitrinite reflectance are 
also carried out. For bituminous coals the free swelling index 
and Gieseler plasticity are also determined. The third type Of 
analysis i s  used to establish the stability of the samnles. The 
Gieseler plasticity is used as a sensitive indicator of oxidation 
for the bituminous samples. This test is done for the initial 
coals and is repeated periodically to establish the constancy of 
the values. For non-bituminous coals other techniques are being 
used and develo7eci. The slurry ?H is used to establish the 
oxidation which results in conversion of pyrite to sulfate. 

AVAILASLE COAL SAMPLES 

1. The first sanple is an Upper Freeport sample collected near 
Honer City Pennsylvania in January 1985. This is a rnedium 
volatile bituminous coal from a 4 '  thick seam at the point of 
collection. The sanple characterization is continuing. The 
preliminary values are: (as received basis) 

carbon : 74-754, 
hydrogen : 4-5% 
total sulfur: 2-3% 
ash: 12-13  
moisture 1-2% 

These san?les are available in 5 Trams of -100 mesh or 10 Trams 
of -20 mesh material. 

2. The second sample, a subbituminous coal from the Wyodalc seam, 
was collected about six miles northeast of Gillette, Wyoming in 
October, 1985. The seam is about 120' thick at the point of 
collection. In this case the sample for processing consisted of 
a 6"  core through the entire seam. The preliminary analysis of 
the sample on an as-received basis is: 

carbon : 63-64% 

sulfur: 0.4-0.6% 
moisture : 28-30% 
ash: 6-7% 

hydrogen: 4-5% 

Due to the high moisture content of this sample, it is beinq of- 
fered only in -20 mesh size, in 5 and 10 gram amnoules. 

3 .  The third san2le is a high volatile bituminous coal, from the 
Illinois # 6  or Herrin seam, and was collected about 60 miles 
southeast of St. Louis in Decenbsr, 1 9 8 5 .  The 5 5  gallon drums 
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u s e d  fo r  t r a n s p o r t i n g  t h e  samples were t a k e n  i n t o  t h e  n i n e  s i n c e  
t h e  seam t h i c k n e s s  was a b o u t  7 ' .  The p r e l i m i n a r y  a n a l y t i c a l  
v a l u e s  on t h i s  coal (on an  a s - r e c e i v e d  b a s i s )  are: 

carbon:  61-62% 
hydrogen : 4-5% 
s u l f u r :  4-5% 
a s h :  15-16 
m o i s t u r e  : 9-10 

T h i s  m a t e r i a l  i s  beiny, o f f e r e d  i n  5 g r a m s  o f  - 1 0 0  mesh and  1 0  
grams of  -20 mesh c o a l .  

4. The f o u r t h  coal i s  a P i t t s b u r g h  8 8  seam s a n p l e  from a b o u t  60 
miles  s o u t h  an2  w e s t  of  P i t t s b u r g h ,  Pennsylvania .  This  was col- 
l e c t e d  i n  March, 1 9 8 6 .  The seam was a b o u t  6 '  t h i c k  a t  t'ne c o l l e c -  
t i o n  p o i n t .    he sanple d r u m s  were t a k e n  i n t o  t h e  mine t o  
f a c i l i t a t e  t h e  l o a d i n ?  an2  purg ing  of t h e  drums on t h e  s u r f a c e .  
T h i s  sample is b e i n g  o f f e r e d  i n  ampoules o f  5 rjrams of  -100 nesh  
a n d  1 0  G r a m s  o f  -20 mesh material .  The 3 r e l i m i n a r y  a n a l y t i c a l  
d a t a  f o r  t h e  a s - r e c e i v e d  samples  were n o t  a v a i l a b l e  a t  t h e  t i m e  
of t h e  n r i t i n q .  

SAMPLE A V A I L A B I L I T Y  

Samples are  a v a i l a b l e  t o  r e s e a r c h e r s  upon comple t ion  of an order  
form. These f o r m s  are  a v a i l a b l e  f rom t h e  ProTram M a n a g e r ,  D r .  
Karl S .  Vorres ,  a t  t h e  a d d r e s s  g i v e n  i n  t h e  heading ,  o r  by c a l l -  
i n 3  (312)  972-7374, o r  FTS 972-7374. The o r d e r  forms accompany 
t h e  p e r i o d i c  P r o d u c t  Announcements. These announcements 
b r i e f l y  d e s c r i b e  t h e  s a n p l e  i n  terms o f  i t s  s o u r c e  a n d  t y p e  o f  
c o a l .  When a v a i l a b l e ,  i n i t i a l  a n a l y t i c a l  d a t a  is i n c l u d e d .  In- 
d i v i d u a l s  may r e q u e s t  t h a t  t h e y  be p l a c e d  on t h e  m a i l i n g  l i s t  t o  
receive these announcements  by w r i t i n g  t h e  Program Manager, i n -  
d i c a t i n g  t h e i r  a d d r e s s ,  t e l e p h o n e  number and r e s e a r c h  i n t e r e s t s .  
Upon r e c e i ? t  o f  t h e  o r d e r  a n d  p a y m e n t  i n  t h e  A s s i s t a n t  
C o n t r o l l e r ' s  o f f i c e ,  t h e  orciers  are  t r a n s m i t t e d  t o  t h e  Program 
ManarJer f o r  p a c k i n n  and s h i p ? i n g .  A nominzl rep lacement  c k a r g e ,  
c u r r e n t l l r  $1.63 p e r  r;ran, i s  made for t h e  s a c p l e s .  An a r k l i t i o n a l  
c h a r o e  is made f o r  f o r e i g n  shigment  t o  d e f r a y  t h e  added s h i p p i n 9  
c h a r g e s .  Sarnples a r e  n o r m a l l y  s e n t  by U n i t e d  P a r c e l  S e r v i c e .  
S a m p l e s  a r e  s h i p p e d  i n  s p e c i a l l y  d e s i g n e d  c o r r u g a t e d  cardboard  
c a r t o n s  w i t h  foam padding above and be low t h e  a m g o u l e s ,  and  an  
a i r  space  a round t h e  o u t s i d e  o f  them. 

S a m p l e s  a r e  a v a i l a b l e  i n  r e a s o n a b l e  q u a n t i t i e s .  The Prograrn 
Manager r e s e r v e s  t h e  r i g h t  t o  l i m i t  q u a n t i t i e s  i n  o r d e r  t o  
p r o v i d e  a c o n t i n u i n c ;  s u p p l y  t o  a l l  workers  i n  t h e  f i e l d  o v e r  a 
decade o r  more. 

USERS ADVISORY COMMITTEE 

A Users  Advisory  Committee s e r v e s  t o  p r o v i d e  a range  of  comments 
and s u g g e s t i o n s  o n  the  Program t o  maximize i t s  v a l u e  t o  t h e  u s e r s  
community. The i n d i v i d u a l s  come from a r a n g e  o f  backgrounds t o  
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permi t  a v a r i e t y  of i n p u t  on t h e  many a s p e c t s  of t h e  sequence  of 
e v e n t s  from t h e  sample s e l e c t i o n  through d i s t r i b u t i o n .  The i n i -  

c a l  S u r v e y ,  Marvin  Poutsrna of Oak R i d o e  N a t i o n a l  L a b o r a t o r y ,  
Ronald  P u q m i r e  o f  t h e  U n i v e r s i t y  o f  Utah ,  Wil l iam S3ackman of 
Penns:.lvania S t a t e  U n i v e r s i t y ,  I rvincj  Wender o f  t h e  U n i v e r s i t y  of 
P i t t s b u r g h ,  Randal l  Winans  and  J o h n  Young of Argonne  N a t i o n a l  
L a b o r a t o r y .  The committee does  r o t a t e  a f t e r  a p e r i o d  o f  time. 
Newcomers t o  t h e  g r o u p  are:  John Larsen  of Lehigh U n i v e r s i t y  and 
Leon Stoc!c of  t h e  U n i v e r s i t y  of Chicaqo. The Program Manager is 
deeply  a p p r e c i a t i v e  o f  t h e  c o u n s e l  and s u g q e s t i o n s  rjiven by t h i s  
group.  

tial Cornnittee i n c l u d e d :  D r s .  B l a i n e  C e c i l  of the u .  s .  Geologi-  

CURRENT RESEARCH 

A wide range  o f  proqrams i s  makina u s e  of t h e  samples .  Sone ex- 
amples i n c l u d e :  new ne thods  f o r  d i r e c t  d e t e r m i n a t i o n  of o x y g e n  
and  o r g a n i c  s u l f u r  i n  t h e  c o a l  mat ter ,  new methods of charac-  
t e r i z a t i o n  u s i n g  i n v e r s e  c h r o m a t o g r a p h y ,  s o l v e n t  s w e l l i n g  
s t u d i e s ,  r e a c t i o n s  of o r g a n i c  s u l f u r  s p e c i e s  i n  t h e  c o a l .  A num- 
b e r  of  p r o p o s a l s  t o  d i f f e r e n t  f u n d i n g  a g e n c i e s  have  s p e c i f i e d  
t h a t  t h e  i n v e s t i g a t o r s  were ? l a n n i n g  t o  u s e  t h e s e  s a m p l e s  i n  
t h e i r  work. 
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development o f  t h e  l o n g  term s t o r a r ~ e  i n  g l a s s  c a r b o y s .  A l l a n  
Y o u n g s  h a s  h e l p e d  w i t h  s o l u t i o n s  t o  many of t h e  m e c h a n i c a l  
? r o b l e n s  t h a t  have o c c u r r e d  i n  t h e  c o u r s e  o f  o p e r a t i o n .  F. G a l e  
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d i v i d u a l s  have g i v e n  t i n e  anc! energy  i n  d i f f e r e n t  a s p e c t s  o f  t h e  
prorJram a n d  e a c h  o n e  merits an  e x p r e s s i o n  of a p p r e c i a t i o n ,  b u t  
s p a c e  w i l l  n o t  p e r n i t  a comgle te  l i s t i n g .  
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